Portland State University

PDXScholar
Dissertations and Theses

Dissertations and Theses

2-20-2007

Seasonal Changes in Allocation, Growth, and
Photosynthetic Responses of the Submersed
Macrophyte Egeria densa Planch.
(Hydrocharitaceae) from Oregon and California
Toni Garrett Pennington
Portland State University

Follow this and additional works at: https://pdxscholar.library.pdx.edu/open_access_etds
Part of the Environmental Sciences Commons

Let us know how access to this document benefits you.
Recommended Citation
Pennington, Toni Garrett, "Seasonal Changes in Allocation, Growth, and Photosynthetic Responses of the
Submersed Macrophyte Egeria densa Planch. (Hydrocharitaceae) from Oregon and California" (2007).
Dissertations and Theses. Paper 5981.
https://doi.org/10.15760/etd.7851

This Dissertation is brought to you for free and open access. It has been accepted for inclusion in Dissertations
and Theses by an authorized administrator of PDXScholar. Please contact us if we can make this document more
accessible: pdxscholar@pdx.edu.

SEASONAL CHANGES IN ALLOCATION, GROWTH, AND
PHOTOSYNTHETIC RESPONSES OF THE SUBMERSED MACROPHYTE
EGERIA DENSA PLANCH. (HYDROCHARITACEAE) FROM OREGON AND
CALIFORNIA

by
TONI GARRETT PENNINGTON

A dissertation submitted in partial fulfillment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY
in
ENVIRONMENTAL SCIENCES AND RESOURCES

Portland State University
2007

DISSERTATION APPROVAL
The abstract and dissertation of Toni Garrett Pennington for the Doctor of
Philosophy in Environmental Sciences and Resources were presented
February 20, 2007, and accepted by the dissertation committee and the
doctoral program.
/n
COMMITTEE APPROVALS:
Mark Sytsma, Chair

WphCruzan

Catherine DeRivera

Patricia Koss
Representative of the Office of Graduate
Studies

DOCTORAL PROGRAM APPROVAL:

M.A.K. Khalil, Program Director
Environmental Sciences and
Resources Ph.D. Program

ABSTRACT
An abstract of the dissertation of Toni Garrett Pennington for the Doctor of
Philosophy in Environmental Sciences and Resources presented February 20,
2007.

Title: Seasonal changes in allocation, growth, and photosynthetic responses
of the submersed macrophyte Egeria densa Planch. (Hydrocharitaceae)
from Oregon and California

Many rooted macrophytes form a dense canopy on the water surface
that is detrimental to aquatic organisms, water quality, navigation, and
recreation. Control of invasive macrophytes may be improved when
management activities are linked to the plant's biology. The purpose of this
research was to evaluate seasonal changes in the morphology, growth rates,
allocation patterns and photosynthetic responses of a clonal submersed
macrophyte. Egeria densa Planch. (Hydrocharitaceae) is highly invasive in the
USA where it forms dense surface canopies in freshwater ecosystems. Using
E. densa the following hypotheses were evaluated: 1) flowering stems have
reduced capacity for vegetative growth as flowers preclude the formation of
vegetative buds, 2) there are seasonal low points in total nonstructural
carbohydrates (TNC) and nitrogen (N) that could be identified to improve
control, 3) establishment success of stem fragments increases with stem

length, and 4) photosynthetic rates are higher during the summer. These
hypotheses were evaluated in situ and under greenhouse conditions using
E. densa from coastal populations in Oregon and California. Results indicate
that flower production does not preclude bud or root formation, resulting in
continued growth of ramets during flowering. Longer stem fragments
established more successfully than shorter stem fragments. Floated stems
rapidly grew adventitious roots and showed no signs of decay despite floating
in tap water for 13 weeks. Seasonal low points in TNC and N concentration
were identified; however, they were inconsistent between years and among
plant parts, suggesting low points may not reliably predict vulnerable periods
in the plant's life cycle. Higher photosynthetic rates were measured during the
summer with a stronger correlation with degree day than temperature,
indicating seasonal light history is important in photosynthetic responses.
Growth rates were higher in California, possibly due to increased light
availability or higher water temperature. Overall, E. densa from both
populations grew within its optimal temperature range (14° to 25 °C) and as an
evergreen. These data may be used to model the plant's response to changes
in the environment, predict its ability to spread to nearby waterways, and
improve management by linking control activities to the biology of the plant.
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INTRODUCTION
Freshwater plants are important to the structure and function of lentic
and lotic ecosystems (Carpenter and Lodge 1986), providing habitat for
invertebrates, cover for fishes, and forage for waterfowl. Additionally, they
contribute substantially to the primary biomass production in aquatic
ecosystems (Westlake 1982). Emergent, free-floating, submersed, and
floating-leaved growth forms of aquatic plants are found along the littoral zone.
(Sculthorpe 1967).
The maximum depth of submersed aquatic plant colonization greatly
depends on physical and chemical constraints within the environment
(Carpenter and Lodge 1986). Light availability and temperature affect the
distribution, canopy formation, production, and phenology of submersed
macrophytes (Best et al. 2001). Due in part to their low light requirements,
submersed macrophytes are often referred to as "shade type" plants and their
leaves are commonly thin and dissected with chloroplasts in the epidermis to
optimize light capturing ability (Bowes 1987). Canopy-forming macrophytes
allocate most of their aboveground biomass to branches near the water
surface. This is accomplished by spring growth of apical buds near the
sediment to the water surface, followed by profuse branching. In fact, canopy
forming species allocate more than 60 percent of their shoot biomass to the
upper one-third of the water column (Spencer and Bowes 1990). Light
availability also determines canopy architecture (Barko and Smart 1981) and
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the maximum depth of colonization (Chambers and Kalff 1985, Schwarz et al.
2000).
Water temperature controls biological processes and, while each
macrophyte species exhibits some optimal temperature range for growth, they
are capable of substantial phenotypic plasticity (Barko and Smart 1981, Pilon
and Santamaria 2002). Temperature determines the solubility of gases in
water. In particular, CO2 diffuses 104 times slower in water compared to air.
Thus, submersed macrophytes are often limited by the availability of inorganic
carbon for photosynthesis (Sand-Jensen 1983, Maberly and Spence 1983).
Some submersed macrophytes demonstrate CO2 concentration
mechanisms (C4-type photosynthesis) or the ability to use HC03" as an
alternative inorganic carbon source. These strategies provide a competitive
advantage over species lacking these mechanisms (Reiskind et al. 1997)
particularly in high light and high temperature environments (Holaday et al.
1983).
Reproduction in aquatic plants is primarily accomplished by vegetative
means as the flowers of aquatic plants are poorly adapted to aquatic life.
Within families, flowers are morphologically very similar between aquatic and
their terrestrial relatives. The differences however, are primarily in either their
mechanisms to achieve an aerial position for wind or insect pollination or the
production of completely submersed hydrophilous flowers. Sculthorpe (1967)
provides numerous examples of reduced fertility and poor seed viability in
2

aquatic plants as well as examples of pseudovivipary where vegetative
propagules replace flowers, particularly upon submergence. Vegetative spread
by fragmentation or the production of other perennating structures such as
rhizomes, stolons, subterranean tubers, or turions is common to many aquatic
plants. These strategies allow for prolific local and long distance dispersal.
Outside their native ranges, submersed macrophytes may become
highly invasive, displacing native vegetation, impairing fisheries and disrupting
navigation, flood control, and recreational activities. (Spencer and Bowes
1990, Mullin et al. 2000, Myers et al. 2000). In the USA, some of the most
problematic weeds include the floating plant, Eichhornia crassipes (Mart.)
Solms, and the submersed species, Egeria densa Planch., Hydrilla verticillata
(L.f.) Royle, Myriophyllum spicatum L, Potamogeton crispus L, and Stuckenia
pectinata (L) Boerner. With the exception of E. crassipes, these macrophytes
share some general characteristics that contribute to their problematic nature.
First, all are canopy forming species and as such tend to intercept light
otherwise available to other species (Spencer and Bowes 1990). Second, they
tend to form monospecific stands and alter the pH, water temperature, and
dissolved oxygen within weed stands compared to open water sites (Frodge et
al. 1990, Spencer and Terri 1994). Third, the production of vegetative
propagules for dispersal and perennation in lieu of sexual reproduction is more
common (Sculthorpe 1967, Capers 2003). The production and establishment
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success of vegetative propagules is then critical to the perennation and
dispersal of many aquatic macrophytes (Sculthorpe 1967, Capers 2003).
Management strategies may be optimized to improve control of invasive
weed species. By timing control activities to periods in a plant's life cycle when
carbohydrate and nitrogen reserves are low, control efficacy may be improved
(Volenec et al. 1996, Wilson et al. 2001, Richburg 2005). Plant removal or
treatment when reserves are low reduces the ability of the plant to overwinter
and resprout (Kimbel and Carpenter 1981) or produce vegetative propagules
(Woolf and Madsen 2003). Low points in carbohydrate reserves have been
identified for E. crassipes (Luu and Getsinger 1990), E. densa (Getsinger
1982), H. verticillata (Madsen and Owens 1998), and P. crispus (Woolf and
Madsen 2003) collected from populations in the Midwestern and southeastern
USA. Similar studies, however, have not been conducted on plants collected
from populations from the western USA. Therefore, it is important to
investigate how cumulative temperature and day length affect carbohydrate
and nitrogen reserves in aquatic weeds from different regions.
Egeria densa is a non-native submersed plant that has become highly
invasive across most of the USA except the upper Midwestern states
(Figure 1). In Oregon, E. densa is commonly found in coastal (Pfauth and
Sytsma 2005) and Willamette Valley waterbodies. It is common in
Washington's Puget Sound lowlands and southern coast and southwestern
British Columbia, Canada (Boersma et al. 2006), and in the Lower Columbia
4

River between Washington and Oregon (Sytsma et al. 2004). In California,
E. densa is found in the Central Valley, San Francisco Bay area, Mono Valley,
Owens Valley, and the San Jacinto Mountain foothills (Hickman 1993).

Figure 1. Distribution (in grey) of Egeria densa in the USA (USDA, NRCS 2007).
The purpose of this investigation was to improve understanding of the
factors that favor and limit the growth of E. densa. This information is critical
for predicting future spread and improving management efforts of this highly
invasive species. This dissertation is presented in four chapters. In Chapter 1,
I describe the problems associated with E. densa in waterways of the western
USA and provide a detailed description of its morphology, vegetative mode of
spread, and growth rates under field conditions in an Oregon and California
population. In Chapter 2, details on the seasonal allocation patterns of
nitrogen (N) and total nonstructural carbohydrates (TNC) in tips, stems, root
crowns, and roots of E. densa collected from Oregon and California are
presented. In Chapter 3, results of a greenhouse experiment are presented
5

where the effects of stem length and nutritive condition on the establishment
success of fragments were evaluated. In the same study, the effects of stem
length and position (floated or planted) on various growth parameters were
examined. Finally, in Chapter 4, I describe the photosynthetic responses of
E. densa to seasonal changes in temperature and light. Photosyntheticirradiance (P-l) curves were constructed to describe the maximum
photosynthetic rate, photosynthetic efficiency, onset of light saturation, and
light compensation points of E. densa under field conditions over multiple
seasons.
Together, these data may be used to improve our understanding of how
submersed macrophytes that spread by vegetative fragments seasonally
grow, allocate nutrients, become established, and respond to changes in light
and temperature. This information will also improve management decisions by
linking control activities to the plant's biology.
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CHAPTER 1: MORPHOLOGY AND GROWTH RATES OF THE CLONAL
SUBMERSED AQUATIC PLANT EGERIA DENSA PLANCH.
(HYDROCHARITACEAE)
Abstract
Canopy-forming submersed macrophytes are characterized by terminal
growth from apical buds followed by profuse branching near the water surface.
Branching pattern is regulated by the frequency of meristematic tissue along
the stem and determines the potential for growth and spread. This frequency
is particularly important for plants that spread exclusively by vegetative
fragments. Egeria densa Planch. (Hydrocharitaceae) is a highly invasive,
dioecious, submersed macrophyte that spreads by vegetative fragments. The
purpose of this research was to determine if the allocation of meristematic
tissue to flower production precluded the formation of vegetative fragments, as
is common in many plants. I also compared E. densa morphology and growth
rates across seasons and between two west coast populations in the USA.
Flower production did not preclude the formation of vegetative structures. In
fact, additional meristematic tissue was produced on flowering stems (usually
within two leaf nodes) compared to non-flowering stems. Growth rates were
higher in the California population than the Oregon population, where water
temperature was lower. Highest growth rates were measured in April in
California and October in Oregon. Egeria densa was as an evergreen
perennial in both populations. These results differ from similar studies on the
7

seasonal changes in the morphology of E. densa in the southeastern USA
where distinct summer- or winter-type plants were observed. The evergreen
nature of E. densa in combination with its canopy-forming growth habit may
partially explain the success of this species in climates where less extreme
summer and winter temperatures are observed.
Introduction
The morphology of submersed aquatic plants determines the
architecture of the plant canopy and influences competitive interactions
between species. Canopy-forming species such as Stuckenia pectinata L.
Boerner, Hydrilla verticillata (L.f.) Royle, Myriophyllum spicatum L, and
E. densa, allocate most of their aboveground biomass to branches near the
water surface. This is accomplished by spring growth of apical buds to the
water surface followed by profuse branching. Canopy-forming species allocate
more than 60 percent of their shoot biomass to the upper one-third of the
water column (Spencer and Bowes 1990). Thus, similar to terrestrial plants,
canopy-forming submersed macrophytes have greater access to light and
substantially alter the light climate for lower growing, meadow-forming species
(e.g. Chara spp. and Vallisneria americana Michx.).
Light availability and temperature affect the canopy formation,
distribution, production, and phenology of submersed macrophytes (Best et al.
2001). Barko and Smart (1981) found that a 93% reduction in irradiance
prompted increased shoot elongation in three species of canopy forming
8

submersed macrophytes. Middelboe and Markager (1997) found the
colonization depth of macrophyte groups (e.g. rosette species, charophytes,
caulescent angiosperms) varied systematically with water transparency but
that in general 2% to 15% of surface irradiance is required for growth.
Due in part to such low light requirements, submersed macrophytes are
often referred to as "shade type" plants (Bowes 1987). For example, SandJensen and Madsen (1991) found only 24 umol m"2s"1 of light was required for
root development in Potamogeton crispus L, and Tobiessen and Snow (1984)
found that the plant was capable of overwintering in ice covered lakes at very
low light intensity (ca. 2 umol m"1 s"1). While submersed macrophytes are
physiologically shade adapted (because saturation occurs at less than half of
full sunlight), reduced light from eutrophication and increased turbidity result in
declining populations of submersed plants in some areas (Blindow 1992,
Sand-Jensen et al. 2000).
Water temperature influences plant morphology and growth rates by
controlling biological processes. While each macrophyte species exhibits
some optimal temperature range for growth, they are capable of substantial
phenotypic plasticity (Barko and Smart 1981, Pilon and Santamaria 2002). For
example, Elodea canadensis Michx. grew five times faster at 10°C and 15°C
than at 5°C whereas Ranunculus aquatilis L only grew 1.3 times faster at the
higher temperatures (Madsen and Brix 1997). Similarly, H. verticillata shoot
length increased with increasing temperature up to 32°C (Barko and Smart
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1981). In that same study, similar increases were measured in E. densa up
28°C, above which shoot length was reduced.
Vegetative reproduction is common in submersed macrophytes and, in
many cases, sexual reproduction is suppressed or dioecious plants have a
geographically limited range (Sculthorpe 1967). Axillary turions, tubers
(subterranean turions), stolons, and dormant apices are common vegetative
perennating structures, but their relative importance to plant dispersal varies
between species. Madsen and Smith (1999) compared the vegetative spread
of H. verticillata by stolons and fragments and found that stolon production
accounted for 99.9 percent of the plant's spread. Hydrilla verticillata also
produces tubers and turions that allow them to withstand adverse conditions,
and provide the energy for rapid growth when conditions become favorable.
The production of tubers and turions in H. verticillata is controlled by factors
such as water depth, day length, biotype (monecious versus dioecious), water
temperature, floating versus rooted stem fragments (summarized in
Netherland 1997), and grazing (Hofstra et al. 1999).
Meristematic tissue is fated for either growth (i.e. buds, branches) or
reproduction (i.e. flowers) (Watson 1984, Bonser and Aarssen 1996) and,
therefore, plays a critical role in the life history of plants. In a study on the
clonal development of the floating plant, Eichhornia crassipes (Mart.) Solms,
Watson (1984) compared the density of a flowering versus vegetative
population and reported a 22% reduction in the flowering population. Similarly,
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Geber (1990) found an inverse relationship in the early commitment of
meristematic tissue to vegetative versus reproductive growth in the emergent
species, Polygonum arenastrum. That is, these researchers found that as
flower production increased, the production of vegetative structures
decreased.
Several aquatic members of Hydrocharitaceae reproduce and spread
by vegetative propagules. Hydrilla verticillata, E. canadensis, Lagarosiphon
major (Ridley) Moss, Egeria najas Planch, and E. densa are capable of
forming new plants from stem fragments (Jacobs 1946, Langeland and Sutton
1980, Cook and Urmi-Konig 1984, Haynes 1988, Bowmer et al. 1995,
DiTomaso and Healy 2003). Elodea canadensis forms stem turions. Hydrilla
verticillata forms stem turions along with subterranean turions, or tubers.
Egeria densa, E. najas and L. major do not produce specialized hibernacula
for reproduction and instead rely on vegetative stem fragments for perennation
and spread. A unique characteristic of E. najas and E. densa is the production
of two closely spaced leaf nodes, referred to as "double nodes" where
vegetative structures (lateral buds, adventitious roots and root crowns) and
flowers are formed (Cook and Urmi-Konig 1984). Few botanical accounts
describe the frequency of flowers along the stems of either species. However,
if the production of flowers at double nodes precludes the formation of
vegetative structures, the potential for spread may be temporarily reduced.
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The fate of double nodes in E. densa has not been fully examined
despite their importance in the spread of these species (Cook and Urmi-Konig
1984). Egeria densa is an ideal plant to examine the fate of meristematic
tissue. Egeria densa produces "bud nodes" (King 1943) or "double nodes"
(Jacobs 1946, Getsinger 1982, Cook and Urmi-Konig 1984) every 10 to 11
intemodes (Cook and Urmi-Konig 1984). Because branches grow from these
specialized meristematic regions, their frequency is critical to the morphology,
dispersal, biomass production, and overwintering success of the plant. Cook
and Urmi-Konig (1984) provide a thorough description of the genus Egeria,
however they state "the development and branching system [of the stem] has
never been studied in detail".
Seasonal changes in the growth rate of E. densa determine plant
biomass as well as the potential for range expansion. That is, a rapidly
growing tip will produce more double nodes per stem. This results in a
simultaneous increase in plant biomass and potential for range expansion as
stem fragments break and form ramets, or new clonal plants.
Egeria densa is a submersed, dioecious perennial. Only male plants
are found in the USA (Cook and Urmi-Konig 1984) where it is a common weed
in all but the upper Midwestern states (USDA, NRCS 2007). Lack of sexual
reproduction has resulted in an extremely low diversity of genotypes in the
Pacific Northwest region of the USA. Carter and Sytsma (2001) found that
E. densa collected throughout western Oregon was one genotype.
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Remarkably, a limited number of samples from Chile exhibited the same
genotype as the Oregon population. Dense growth of E. densa disrupts
recreational activities and navigation, and tends to form monotypic stands
similar to H. verticillata. Even in it native range of Brazil, E. densa is a
nuisance in hydropower reservoirs (Thomaz et al. 2006).
I hypothesized that the formation of flowers at double nodes of E. densa
would preclude the formation of vegetative structures at double nodes. This
would result in decreased branch growth during flowering and temporarily
suspend ramet production. I expected that the percent of double nodes of
E. densa stem would not change if flowers precluded the formation of
vegetative structures. On the other hand, if flowers do not preclude the
formation of vegetative structures, then I expected the percent of double
nodes would increase. To understand how seasonal changes in the
environment influence canopy formation and plant growth, I also characterized
plant morphology and measured growth rates between seasons.
Materials and Methods
Site descriptions
Disappointment Slough is located in the Sacramento-San Joaquin Delta
(38° 02' 26"N, 121° 26" 15"W) northwest of Stockton, California. The Delta
comprises some 298,658 ha and hundreds of kilometers of waterways
(California Department of Water Resources 1995). Egeria densa was
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introduced to the Delta in ca. 1960 and its presence disrupts navigation, water
conveyance, recreational activities and ecosystem processes (California
Department of Boating and Waterways 2000).
Big Creek Reservoir is near the coastal city of Newport, Oregon
(44°39'19"N 124°2'37" W). The reservoir system is composed of two
impoundments. Reservoir No. 1 was constructed in 1951 to serve as the
drinking water source for the City of Newport and has a surface area of
approximately 8 ha, volume of 200,000 m3, and maximum depth of about 5 m.
Increased demands on water supply prompted the construction of a second
reservoir (Reservoir No. 2) upstream of Reservoir No. 1. It was built in 1970
and has a surface area of roughly 7 ha, volume of 417,000 m3 and maximum
depth of 4.9 m (Shulters 1974). Egeria densa was first observed in Reservoir
No. 1 (hereafter referred to as Big Creek Reservoir) in 1995 and has since
spread to approximately 95% of the reservoir (Pennington unpublished data).
To date, no E. densa has been observed in Reservoir No. 2, which undergoes
periodic drawdown.
Morphology
All plants were collected from a boat with a rake and transported to the
laboratory in a cooler with ice packs. Three whole E. densa plants (including
roots and root crowns) were collected from both sites on each sampling date
to characterize double node frequency. Plants were collected monthly from Big
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Creek Reservoir, Oregon, from July 2002 to October 2003 and from
Disappointment Slough, California December 2003 to May 2005. Branching
patterns were characterized from plants collected from Disappointment
Slough. The lengths of primary, secondary, tertiary, quaternary stems,
et cetera were measured on four whole plants (Figure 2). On each stem, the
number of nodes was counted from the root crown to within two to three cm of
the tip where dense leaf growth disrupted accurate counts. At each node,
characteristics such as leaf number and presence of roots, buds, branches, or
flowers were noted (not all data shown). The length and number of roots
growing from root crowns were measured.
Egeria densa flowers are commonly observed throughout the summer
in the California population, but because I was specifically interested in
meristematic fate, flowering plant tips were collected during peak flowering
time, May and August 2004 and April and May 2005, to evaluate their double
node frequency (as a percent of double node per node) compared to months
when flowers were not observed.
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Figure 2. Illustration of E. densa branching terms used in this paper. Primary (1°)
stems grow from the root crown, 2° stems grow from the 1°, 3° from the 2°, et cetera
Growth rate
The growth rate of E. densa in Big Creek Reservoir, Oregon was
determined in situ on 10 to 20 rooted plants in approximately two meters of
water. Plants were tagged with 2 mm wide plastic electrical cable ties with
fluorescent ribbon attached to the cable ties for identification. The plants were
tagged approximately 10 cm from the tip and the distance from the tip to tag
was measured before and after two to four weeks. Growth rates (cm day"1)
were measured on 15 occasions from August 2002 to October 2003.
Plants from Disappointment Slough were similarly measured for tip
growth and stem elongation. On the last four sampling dates, plants were
additionally tagged such that a bud was located between tags to measure
branch growth. Entire plants (including roots and root crowns) from
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Disappointment Slough were transplanted to pots filled with sediment collected
from Owl Harbor in the Delta. Plants were transplanted and tagged shipboard
because tidal fluctuation and wind prevented safely tagging rooted plants from
a boat. Plants were kept moist and shaded to minimize handling effects. Each
pot was placed in an established E. densa stand in approximately two meters
of water and marked with a small identifying buoy. Plants were recovered after
two to four weeks and the distance from the tip to the tags was measured
again to estimate growth rate (cm day ~1). Growth rates were measured on
seven occasions from November 2003 to April 2005. Filamentous algae cover
prohibited tagging a sufficient number of plants May 2004.
Statistical analysis
Statistical analyses were performed using SPSS 13.0 software. To test
for normality, a frequency histogram was constructed to determine the
symmetry of the distribution. Data were considered normal if skewness was
below the absolute value of 0.2 (Hildebrand 1986). Where necessary, data
were transformed to meet normality assumptions. The homogeneity of
variances was estimated with the Levene Statistic. Significant differences in
growth rates (cm day"1) between dates were determined using the nonparametric Kruskal-Wallis test as the assumptions of a one-way ANOVA were
not met after data transformation. Significant differences between dates were
identified by pair-wise comparisons using the Mann-Whitney U statistic. The
frequency of double nodes (expressed as per cent) between dates was

17

compared using one-way ANOVA after arcsine transformation. Post hoc
comparisons were made using the least significance (LSD) test. The double
node frequency of flowering versus non-flowering stems were pooled and
compared using a t-test (a<0.05).
Environmental variables
Photosynthetic active radiation (PAR) in the water column was
measured in 10 cm depth increments using a submersible, scalar irradiance
sensor (LiCor Biosciences LI-193, Lincoln, Nebraska). These data were
collected on each sampling date and used to calculate the vertical light
extinction coefficient (k) by the following equation: k = (In l 0 - In lz)/z;
where lo = surface PAR, l z = PAR at a particular depth, and z = depth. Water
temperature (°C) was measured at 10-cm increments using a Hydrolab
Quanta (Austin, Texas).
Results
Morphology
The average double node frequency, the percent of double nodes per
node, was 10.6±0.8% in the Oregon population with no significant differences
between months. Double node frequency averaged 9.4±0.6% in the California
population, and only in May 2 0 0 4 w a s the frequency significantly higher

(11.8±2.3%). These data, however, include multiple seasons and the average
double node frequency from the California population for the months
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overlapping with the Big Creek sampling was 10.2+0.2%. Overall, flowering
stems had 11.4±0.1% double node frequency while non-flowering stems had
9.2±0.05% double node frequency (a<0.001) (Figure 3). Flowering nodes were
consistently formed within two nodes of another double node with a bud or
root.
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Figure 3. Double node frequency (% double node per node) on E. densa stem
fragments with (n=12) and without (n=30) flowers collected from the Sacramento-San
Joaquin Delta, California. Values are means ±SE and significant differences were
found using a two-tailed t-test where tp), 12 = 2.17; p<0.001.
The branching pattern of E. densa collected from the Delta was
characterized by 1°, 2°, and 3° stems that persisted in the water column
throughout the study period (Figure 4). For all months except April and May
2004, 4° stems were observed and even 5° and 6° stems were observed in
December 2003, January 2004, and March 2005. In general, the average
branch length per plant decreased with increasing branch order (Table 1).
More 2° stems were observed on each plant followed in frequency by 3°, 4°,
5°, and 6° stems (Figure 5).
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Table 1. Average lengths (range) of primary (1°), secondary (2°), tertiary (3°), et
cetera branches of E. densa collected from Disappointment Slough, California
November 2003 to May 2005.
Branch order

Length (cm)
35.5 (20.0 to 53.7)
24.8 (13.5 to 67.7)
12.5 (3.7 to 21.1)
8.7 (2.5 to 15.6)
9.9 (2.5 to 19.8)
23.5 (3.5 to 50.0)

1°
2°
3°
4°
5°
6°

CD

A

m

E 3
CD

2°

3°
4°
5°
Branching order

6°

Figure 5. Average number of each stem order (±SE) per root crown of E. densa
collected from Disappointment Slough, California November 2003 to May 2005.
Water temperature peaked in August in both study sites but was
warmer year round in Disappointment Slough, California in 2003 to 2005 than
Big Creek, Oregon in 2002 to 2003 (Figure 6). Water clarity was much greater
in Big Creek Reservoir where the median vertical light extinction coefficient
was 0.66 m"1 with highest values measured in January and September 2002
(Figure 7). In Disappointment Slough, median light extinction was 1.2 m"1 with
highest measurements in January, March and April 2005.
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Growth

rates
G r o w t h r a t e s o f E. densa

s t e m t i p s w e r e n e a r l y t h r e e t i m e s l o w e r in t h e

O r e g o n population c o m p a r e d to the California population (Figure 8). T h e
g r o w t h rate o f s t e m tips collected f r o m O r e g o n r a n g e d f r o m 0 . 0 2 ± 0 . 0 0 5 c m d"1
23

in February 2003 to 0.28+0.03 cm d"1 in October 2003. Stems grew rapidly
from February 2003 to July 2003, declined during the summer and increased
again in October 2003.
From the California population, the growth rate of tips ranged from
0.17±0.6 cm d"1 in November 2003 to 0.68±0.08 cm d"1 in April 2004. Stems
elongated at a significantly higher rate in April (0.24±0.04 cm d"1) and August
2004 (0.09± 0.01 cm d"1) and again in April 2005 (0.18±0.04 d"1) compared to
other months. No clear pattern was measured for growth from buds on tagged
stems; some buds did not sprout within the experimental period while others
spouted and grew up to 0.26±0.08 cm d"1.
The tips of 1° stems from both populations underwent a period of
increased fragmentation in April 2002 and 2003 in the Oregon population and
in February and March 2004 in the California population. Fragmentation
occurred just above a double node with a bud or small branch and fragments
were typically 2 to 15 cm long.
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Figure 8. Growth rates (cm d"1) of E. densa measured in situ in Big Creek Reservoir,
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25

Discussion
Egeria densa flowers form at double nodes adjacent to a bud or root
producing a double node. Thus, the hypothesis that flower production
precludes the formation of buds or roots is rejected. More double nodes are
produced on flowering stems. Double nodes (without flowers) accounted for
9.2% of the nodes, or between about every 9 to 10 nodes, within the range
found by Cook and Urmi-Konig (1984). The percent of double nodes on
flowering stems, however, increased to 11.4%. Because flower production did
not preclude the formation of vegetative structures, ramet formation is
continuous.
I did not specifically measure the growth rates of flowering stems
(versus non-flowering) but if they are comparatively slower, as observed for
other macrophytes (Watson 1984), then the efficacy of systemic herbicides
that function best during rapid growth may be reduced. Even if flower
production reduced or eliminated branch or root production, flowers were only
produced in about the upper 35 cm of stems and vegetative double nodes
would still be present in the lower reaches of the stem. Thus, it does not
appear that the spread of E. densa would be limited by the presence of
flowering stems.
Egeria najas, a close relative of E. densa in the Hydrocharitaceae,
thrives with E. densa in impounded reservoirs in their native range (Cavenachi
et al. 2003). The double node frequency of E. najas is nearly twice as high as
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E. densa (Cook and Urmi-Konig 1984, Tavechio and Thomaz 2003),
suggesting that if E. najas were introduced outside its native range, its
potential for ramet formation and spread may be even greater than that for
E. densa. Egeria najas, however, has been poorly studied, possibly because it
has yet to become problematic outside its native range. Given the similarities
between these closely related species and the increased trade of aquatic
plants on the internet, it should be a species of concern (Catling and Mitrow
2001).
Distinct seasonal growth forms of E. densa were not observed in the
Oregon or California populations. Instead the upper canopy persisted as thick
mats across the water surface throughout the year at both sites. Differences in
summer- and winter- type plants were observed in Lake Marion, South
Carolina by Getsinger and Dillon (1984) and by Haramoto and Ikusima (1988)
in an irrigation canal in Japan. In those systems, "summer-type" plants were
characterized by profuse branching of long stems while "winter-type" plants
had fewer branches and numerous new roots and stems per root crown.
The number of roots per root crown never exceeded 11 on plants
collected from Oregon or 21 from California (data not shown), with no clear
seasonal trends. Getsinger (1982), however, found 36 to 64 roots per root
crown from plants collected from Lake Marion, and the root crowns from Lake
Marion, South Carolina were substantially larger than those found on west
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coast plants (Getsinger personal communication). These differences could be
attributed to variations in sediment characteristics (Barko and Smart 1986).
The absence of extreme summer or winter temperatures for long
periods in these coastal populations may explain the lack of distinct growth
forms and late summer senescence. Water temperatures in Big Creek
Reservoir, Oregon and Disappointment Slough, California never exceeded
19.7°C or 24.9°C or fell below 7.5°C or 8.3°C, respectively (Figure 9). Surface
water temperature in Lake Marion, South Carolina from June to September
1980 ranged from 29.0°C to 34.0° and as low as 5.7°C in March 1980
(Getsinger 1982). In the study by Haramoto and Ikusima (1988), E. densa
stems persisted under ice cover during the winter and, during the summer
water temperature reached 31 °C.
L. Marion, SC
Big Creek, OR

Disappointment Slough, CA
. . . . Irrigation canal, Japan
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Figure 9. Average monthly water temperature in Lake Marion, South Carolina1; Big
Creek Reservoir, Oregon2, Disappointment Slough in the Sacramento-San Joaquin
Delta, California2, and an irrigation ditch near Tokyo, Japan3
1

Getsinger (1982), 2Pennington, this study, 3Haramoto and Ikusima (1988)
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Plants collected for this study persisted as an evergreen perennial with
green stems and leaves found throughout the year. In addition to the canopyforming architecture of E. densa, its evergreeness, that is, a high number of
ramets persisting over winter prior to the growing season, may exert a
competitive advantage over its native counterparts that grow from seed or
vegetative propagules in the spring. Greulich and Bornette (2003) found that a
high degree of evergreeness compensated for slower growth for Luronium
natans (L.) Raf„ even in the presence of plants with more competitive traits.
Egeria densa in Disappointment Slough and Big Creek have few or no
neighboring plants, respectively. Myriopyllum spicatum, Cabomba caroliniana
A. Gray, HydrocotyI spp., and E. crassipes were observed in Disappointment
Slough. However, it is unlikely that the density of the submersed species
exerts a substantial competitive advantage. While dense cover of E crassipes
could conceivably suppress E. densa growth by limiting light penetration,
floating mats commonly move due to high wind or are removed by herbicide
application. Additionally, growth of Hydrocotyl spp. is restricted to the shoreline
where tidal fluctuation already limits E. densa growth. Future work should
consider the comparative growth rates of E. densa and other submersed
species that rapidly sprout from tubers or turions early in the growing season.
Spencer and Rejmanek (1989) found that H. verticillata grown from turions
could successfully grow in existing beds of Stuckenia pectinata (synonymous
with Potamogeton pectinatus) or Potamogeton gramineus.
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Changes in stem length result from plant growth as well as senescence
and fragmentation. Maximum growth rates of E. densa stem tips in this study
occurred within the optimal temperature range of 14°C to 25°C as determined
by Santamaria and van Vierssen (1997). Though not observed in this study,
winter senescence and increased water temperature result in substantial
changes in E. densa stem length. Barko and Smart (1981) found that shoot
length of E. densa dropped precipitously above 28°C. In Lake Marion, South
Carolina, Getsinger (1982) similarly measured biomass decline in late summer
when water temperature reached 34°C.
Changes in water depth in conjunction with naturally occurring
abscission points may influence 1° stem length and be an important dispersal
mechanism via resulting fragments. Primary stem lengths of E. densa
fragments in California ranged from 20 cm to 54 cm (median = 33 cm) and
averaged 82 cm in Oregon. In Lake Marion, Getsinger (1982) found 1° stems
(referred to as main stems by the author) ranged from ca. 30 cm to 120 cm in
the 1.5 m (mean) deep study area. Tidal influences from the Pacific Ocean
changes the water depth in Disappointment Slough, California up to 1.5 m
twice per day. Such wide daily fluctuations did not occur in Big Creek, Oregon
or Lake Marion. Increased fragmentation of 1° stems was observed during late
winter/early spring for plants collected from Oregon and California. Jacobs
(1946) similarly noted stem breakage above a double node with a bud. In the
populations studied here, fragmentation was noted when day length was
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increasing (late winter/early spring) and water temperature was near 10°. This
results in fragments capable of dispersal and increased growth rate of 2°
branches, perhaps due to release from apical dominance (King 1943). The
rapid growth and dominance of 2° stems provides evidence for canopy
formation of E. densa.
Methods to determine growth rates in this study differed between the
two populations. In the Oregon population, rooted plants were tagged while in
the California population, uprooted and repotted plants were tagged. The
influence of this manipulation was not evaluated; however, I believe growth
rates were not substantially affected by the different methods. Egeria densa
collected from California was tagged, measured, potted, and re-submerged
within approximately three minutes. When plants were retrieved (after two to
four weeks), shoots and roots appeared healthy, without visible signs of stress
such as chlorotic tissue. In fact, in almost all cases, the growth rate of potted
plants in the California population was greater than that of rooted plants in the
Oregon population. Using a tagging technique similar to this study, Carrillo et
al. (2006) measured the growth rate of E. densa at various depths in a highaltitude reservoir in Colombia. They did not measure a significant difference in
growth rates (RGR d"1 or cm d"1) between intact rooted E. densa stems and
nearby planted stems in 2-m of water. In that study, overall growth rates of tips
ranged from 0.06 cm d"1 to 1.27 cm d"1 (mean = 0.40 cm d"1) at 17°C and they
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found growth was negatively impacted by depth; however, maximum depth of
colonization was 7 m.
These data describe how E. densa from two populations in the western
USA responds to seasonal changes in the environment. Plants in both
populations overwintered in an evergreen state, likely providing a competitive
advantage over seed-producing plants. Additionally, this evergreeness may
explain the intermittent success of controlling E. densa with systemic
herbicides, particularly in a maritime climate where the plant's relatively slow
growth may reduce herbicide efficacy. As previously mentioned, plants readily
fragmented in late winter/early spring in both populations. This suggests that
treatment should occur prior to fragmentation.
Future work should evaluate the growth rates of flowering versus nonflowering stems under similar environmental conditions, determine conditions
(temperature, light) that control seasonal fragmentation, and determine
whether autofragmentation explicitly occurs. If autofragmentation does occur
in E. densa, do those fragments have higher establishment success compared
to mechanically harvested fragments?
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CHAPTER 2: SEASONAL CHANGES IN CARBOHYDRATE AND
NUTRIENT CONTENT OF EGERIA DENSA FROM TWO POPULATIONS IN
OREGON AND CALIFORNIA
Abstract
Total nonstructural carbohydrate (TNC) reserves support growth,
formation of reproductive structures, and sprouting of plant tissues. Nitrogen is
essential to plant growth for amino acid synthesis and provides the
photosynthetic capacity for carbon assimilation. Management activities to
control weed growth may be targeted to periods when TNC and N reserves
are low to improve efficacy. This strategy has been utilized for various
terrestrial species and has been suggested for use on invasive aquatic plants.
The purpose of this study was to identify seasonal low points in TNC and N
concentrations of Egeria densa Planch. (Hydrocharitaceae). Egeria densa is a
submersed macrophyte that is extremely problematic to navigation,
recreational activities, waterflow and sediment accretion in waterways of the
USA. Total nonstructural carbohydrate and N were measured in plants
collected monthly from a drinking water reservoir in coastal Oregon (January
2002 to December 2003) and from the Sacramento-San Joaquin Delta,
California (December 2003 to June 2005). Seasonal low points were identified
for some plant parts; however, low points were not consistent between years
within a population or for the same plant part between different populations.
Total nonstructural carbohydrate concentrations in lower stems and root
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crowns (important storage organs) of E. densa collected from California were
lowest in the spring of 2005 (3.6±0.8% and 17.4±1.4%, respectively); however,
a similar low point was not observed in 2004. From the Oregon population,
distinct low points in TNC occurred in lower stems in June 2002 (3.9±0.7%)
and May - June 2003 (11.1±2.5% and 10.4±2.8%) and in the root crowns in
May 2002 (22.1 ±0.6%) and June 2003 (26.4±2.7%). Nitrogen concentrations
were highest in stem tips (upper 3 cm) from both populations, with more
distinct seasonal changes in the California population. These data suggest
that identifying low points may not practically aid management efforts of this
plant under similar environmental conditions to those evaluated in this study
because differences were inconsistent between years.
Introduction
Plants allocate and store carbohydrate and nutrients for critical
functions such as photosynthesis, growth, and maintenance (Bloom et al.
1985, Chapin et al. 1990, Pearcy et al. 1996, Spencer et al. 1997). Total
nonstructural carbohydrates are sugars and starches produced from
photosynthesis and are the principal storage reserves in plants readily
mobilized for metabolism or translocated through the plant (Smith 1969,
Pearcy et al. 1996, Klimes et al. 1999). Total nonstructural carbohydrate
reserves are used to support growth, form reproductive structures, and the
energy to above-ground tissue to sprout after disturbance. Hence, the
determination of TNC is common in studies of plant growth and allocation.
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Practical application of measuring TNC content in plant tissues permits
evaluation of their availability for animal foraging, and crop production (Hendrix
1993, Holmetal. 1986, Rose etal. 1991, Mayland etal. 2000).
Nitrogen assimilation and carbohydrate metabolism work in concert to
support plant growth. Nitrogen is essential for amino acid and protein
synthesis, which provides the capacity for carbon assimilation. In turn,
carbohydrates provide the energy required for nitrogen assimilation (Bazzaz
1997, Cheng and Fuchigami 2002). Therefore, high nitrogen concentration
increases the potential for carbon assimilation (Millard 1988), at least until
other nutrients or environmental factors become limiting.
Weed management may be targeted to when plant carbohydrate or
nitrogen reserves are low to optimize control efficacy (Wilson et al. 2001,
Richburg 2005). This strategy also reduces the plant's ability to overwinter and
resprouting is compromised (Kimbel and Carpenter 1981). Research on forage
species has shown that nitrogen reserves may be more important than TNC
reserves for regrowth (Volenec et al. 1996, Kabeya and Sakai 2005). Upon
defoliation, the plant's ability to assimilate carbon is reduced; however, its
ability to sequester sediment nutrients is not, although the effects vary
between types of plants (e.g. grasses versus trees) (Kabeya and Sakai 2005).
Dense growth of invasive aquatic plants disrupts navigation and
recreational activities, reduces water flow and light penetration, and increases
sediment accretion (Pieterse 1990). Control measures typically include
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chemical, biological, manual, or mechanical control strategies. Timing these
activities to the plant's biology (e.g. low TNC points) may improve control
efforts. Total nonstructural carbohydrate low points were identified in
Eichhornia crassipes in September and October before translocation to stem
bases and early spring prior to ramet emergence (Luu and Getsinger 1990).
Madsen and Owens (1998) similarly identified TNC low points in Hydrilla
verticillata growing in Texas ponds in June and July. Woolf and Madsen
(2003) have suggested that control of Potamogeton crispus may be improved
by implementing management activities early in the growing season before the
onset of turion formation.
Egeria densa is an invasive submersed aquatic plant that is widely
distributed across the USA (USDA, NRCS 2007). Although E. densa does not
produce typical perennating structures such as tubers or turions, as is
common in many other invasive aquatic plants, it stores carbohydrates in root
crowns and stems (Getsinger 1982). In a South Carolina population,
substantial low points were found in root crowns and stems in April,
corresponding to the initiation of rapid spring growth (Getsinger 1982). Thus,
based on arguments put forth by Linde et al. (1976), targeting control of
E. densa during the spring would result in increased efficacy.
Similar studies on seasonal TNC and N allocation have not been
conducted on E. densa growing in waterways of the western USA where water
temperatures are comparatively warmer in the winter and cooler in summer,
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particularly in a maritime climate. I hypothesized that seasonal low points in
the N and TNC concentrations of E. densa could be identified. If seasonal low
points can be identified, then these data may be used to optimize mechanical,
chemical or biological control efforts of this highly invasive plant.
Materials and methods
Site descriptions
Disappointment Slough is located in the Sacramento-San Joaquin Delta
(38° 02' 26"N, 121° 26' 15"W) northwest of Stockton, California. The Delta
comprises some 298,658 ha and hundreds of miles of waterways (California
Department of Water Resources 1995). Egeria densa was introduced to the
Delta in ca. 1960 and its presence disrupts navigation, water conveyance,
recreational activities, and ecosystems processes (California Department of
Boating and Waterways 2000).
Big Creek Reservoir is near the coastal city of Newport, Oregon
(44°39'19"N 124°2'37" W). The reservoir system is composed of two
impoundments. Reservoir No. 1 was constructed in 1951 to serve as the
drinking water source for the City of Newport and has a surface area of eight
ha, volume of 200,000 m3, and maximum depth of 4.9 m. Increased demands
on water supply prompted the construction of a second reservoir (Reservoir
No. 2) upstream of Reservoir No. 1. It was built in 1970 and has a surface
area of ca. 6.9 ha, volume of 417,000 m3 and maximum depth of 4.9 m
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(Shulters 1974). Egeria densa was first observed in Reservoir No. 1 (hereafter
referred to as Big Creek Reservoir) in 1995 and has since spread to
approximately 95% of the reservoir (Pennington unpublished data). To date,
no E. densa has been observed in Reservoir No. 2, which undergoes periodic
drawdown.
Nutrients and carbohydrates
Twenty-five to 30 whole plants were randomly collected for each site
visit and rinsed in ambient water. Plants were separated into tips, lower stems,
root crowns, and roots (Table 2) and each plant part was evenly subdivided
three times. Tissues were subdivided because, after drying, individual plants
did not provide adequate tissue for all analyses. Plants were transported to the
laboratory in plastic bags in a cooler with ice packs and dried within 48 hours
to constant weight at 70°C. Dried plant parts were ground to pass through a
40-mesh screen.
In a small-scale experiment to test the effects of storage time on TNC
concentration, greenhouse grown E. densa tips were dried (as above)
according to the following treatments: 1) immediately after collection, 2)
immediately following exposure to dry ice for 30 minutes, 3) after 36 hours in a
cooler on ice, and 4) after 48 hours in a cooler on ice. Differences between
treatments were analyzed using one-way analysis of variance after arcsin
transformation and significant differences were evaluated using LSD at

a<0.05.
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Table 2. Egeria densa plant parts measured for nutrient and carbohydrate content.
Plant part
Tip
Root crown
Lower stems
Roots

Description
Upper 3 cm
Where roots and stems produced
First 15 cm above root crown
Removed from root crown

Nitrogen concentration was measured by a PerkinElmer Instruments
2400 Series II CHN Analyzer with acetanilide as the standard. Total
nonstructural carbohydrate concentration was determined as the sum of
ethanol-extractable glucose plus D-glucose from enzymatically digested
starches. Sugars were extracted by boiling -25 mg of dried plant material in
80% ethanol followed by centrifugation and repeated four times. Sugar content
of the supernatant was measured by the phenol-sulfuric acid method (Dubois
et al. 1956). The pH of the remaining pellet was adjusted with sodium
hydroxide and sodium acetate followed by hydrolization with a 500 U ml"1
a-amylase/20 U ml"1 amyloglucosidase sodium acetate solution at pH 5.1 at
50°C for 20 h. The resulting D-glucose was then measured using the
peroxidase-glucose oxidase/o-dianisidine (PGO) method (Rose et al. 1991)
based on evidence provided by Chow and Landhausser (2004).
From Big Creek Reservoir, Oregon, plants were collected monthly to
biweekly from January 2002 to December 2003. Nitrogen data are provided for
each month. However, data on root TNC content began in June 2002 whereas
TNC for all other plant parts collected from Big Creek began in May 2002.
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From Disappointment Slough, California, plants were collected monthly
November 2003 to June 2005 and all data are reported. Data were plotted as
mean percent TNC or N (dry weight) ± SE. The trendline was smoothed by a
three-point moving average where each point represents the average of the
respective sample and the preceding and following samples. Total
nonstructural carbohydrate and N data for each site were grouped by plant
part and season. Differences between seasons were determined using oneway analysis of variance. Tukey's HSD was used to determine significant
differences between seasons at a<0.05. All data for stems (tips plus lower
stems) were pooled and the correlation between percent N and percent TNC
was evaluated using the Pearson product-moment correlation coefficient.
During each site visit, temperature, pH, specific conductance, and
dissolved oxygen were collected using a Hydrolab Quanta (Hach, Austin,
Texas) (all data not shown). Photosynthetic active radiation (PAR) in the water
column was measured in 10-cm depth increments using a submersible, scalar
irradiance sensor (LiCor Biosciences LI-193, Lincoln, Nebraska). These data
were collected on each sampling date and used to calculate the vertical light
extinction coefficient (k) by the following equation: k =(ln l 0 - In lz)/z;
where l 0 = surface PAR, l z = PAR particular a depth, and z = depth.
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Results
Root crowns and lower stems from both populations contained the
highest TNC concentrations. In root crowns collected from Big Creek
Reservoir, TNC was highly variable. Low points were measured in May 2002
at 22.1 ±0.6% and June 2003 at 26.4±2.7%, while the highest concentration
was measured March 2003 at 51.3±3.3% (Figure 10). Disappointment Slough
root crown TNC was low during the winter 2003 (15.3±2.5%) and highest in
October 2004 at 43.8±0.7% followed by a precipitous decline during the spring
2005 reaching a low point in June 2005 at 15.6±1.8% (Figure 11).
Seasonal changes in TNC concentration were greater in lower stems of
plants collected from both populations. In Big Creek, distinct low points were
measured in June 2002 (3.9±0.7%) and May-June 2003 (11.1 ±2.5% and
10.4±2.8%) with TNC increasing throughout the summer 2002. Highest
concentrations measured during the winter 2002 and in September-October
2003 around 36% TNC (Figure 10). In Disappointment Slough, TNC
concentration in lower stems changed very little during the winter and spring
2004; however, a distinct peak was measured early fall 2004 at 35.4±.5%
followed by a precipitous decline to a low point in April 2005 at 3.6±0.8%
(Figure 11).
Percent TNC in stem tips was highly variable in both populations. From
Big Creek, the lowest TNC concentrations in tips were measured in May 2002
(2.4±0.4%) and May - June 2003 (2.7±0.05% and 2.9±0.2%) and highest
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during the winter 2003 (10.8±2.8%) (Figure 10). Percent TNC in tips collected
from Disappointment Slough was highest in October 2004 at 7.8± 0.4% with
no distinct seasonal low points (Figure 11).
The concentration of TNC in roots was also highly variable in plants
collected from both populations. Plants from Big Creek had lowest TNC
concentrations in late summer 2002, around 2.4%, highest in winter 20022003 around 9%, and averaged 6.8% for the remainder of the study period
(Figure 10). Percent TNC in roots from Disappointment Slough averaged
5.8±0.9% for the entire sampling period with no clear seasonal trends (Figure
11).
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in E. densa tips, lower stems, root crowns, and roots collected from Big Creek
Reservoir, Oregon. Closed diamonds indicate % TNC±SE and open circles indicate
% starch±SE. Solid and dotted lines indicate three point moving average of %TNC
and % starch, respectively.
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Figure 11. Percent total nonstructural carbohydrate (TNC) and starch (as dry weight)
in E. densa tips, lower stems, root crowns, and roots collected from Disappointment
Slough in the Sacramento-San Joaquin Delta, California (B). Closed diamonds
indicate % TNC±SE and open circles indicate % starch±SE. Solid and dotted lines
indicate three point moving average of %TNC and % starch, respectively.
In summary, root crowns and lower stems contained the highest
amounts of TNC and exhibited the most precipitous declines compared to
other plant parts. Furthermore, the lowest concentrations in root crowns and
lower stems were measured in the spring and highest concentrations were
measured during the winter for both populations (Table 3).
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Table 3. One-way analysis of variance table for %TNC in plant parts collected from
Big Creek, Oregon and Disappointment Slough, California, n.s = not significant.
Big Creek Reservoir, Oregon
Plant part
winter
spring
Apical
winter
n.s.
F(3,66)= 2.259; p=0.09
spring
n.s.
summer
n.s.
n.s.
fall
n.s.
n.s.
Lower stems
winter
0.000
F(3,62) = 8.487; p<0.001
spring
0.000
summer
0.006
0.157
fall
0.272
0.046
Root crowns
winter
0.000
spring
0.000
F(3,55)= 10.366; p<0.001
summer
0.012
0.019
0.047
fall
0.028
Roots
winter
0.177
F(3,63)= 7.729; p<0.001
spring
0.177
summer
0.000
0.171
0.777
fall
0.629
Disappointment Slough, California
Plant part
winter
spring
Apical
winter
0.992
F(3,58)= 7.949; p<0.001
spring
0.992
summer
0.023
0.017
fall
0.001
0.003
Lower stems
winter
0.127
0.127
F(3,62)= 19.425; p<0.001 spring
summer
0.335
0.000
fall
0.001
0.000
Root crowns
0.377
winter
0.377
F(3,63)= 11-135; p<0.001 spring
summer
0.106
0.000
0.000
fall
0.045
Roots
winter
n.s.
F(3,53)= 0.228; p=0.876
spring
n.s.
summer
n.s.
n.s.
fall
n.s.
n.s.

summer
n.s.
n.s.
n.s.
0.006
0.157
0.700
0.012
0.019
0.994
0.000
0.171
0.010
summer
0.023
0.017
0.944
0.335
0.000
0.099
0.106
0.000
0.980
n.s.
n.s.
n.s.

fall
n.s.
n.s.
n.s
-.
0.272
0.046
0.700
0.047
0.028
0.994
0.235
0.777
0.101
fall
0.003
0.001
0.944
0.001
0.000
0.099
0.045
0.000
0.980
n.s.
n.s.
n.s
-.

Results of the small-scale experiment indicate that the average
concentration of starch in plant tips dried immediately after collection was
1.3±0.3%, 2.1±0.3% in those exposed to dry ice, and 2.9±0.3% and 2.6±0.6%
in those stored for 36 and 48 hours in a cooler, respectively. Plant tips stored
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for 36 hours in a cooler on ice contained significantly more TNC than those
dried immediately; however, there were no differences between other
treatments (F(3,8)= 3.755; p=0.06).
Nitrogen concentration in E. densa was highest in tips collected from
both populations compared to other plant parts (Figure 12 and Figure 13).
Percent N in tips collected from Big Creek averaged 4.2±0.08%, was quite
variable throughout the study period and seasonal trends were unclear.
Conversely, distinct seasonal trends in percent N were measured in tips
collected from Disappointment Slough. The highest concentrations were
measured in February 2004 and 2005 at 5.5±0.17% and 5.4±0.04%,
respectively with precipitous declines each spring. The lowest concentrations
were measured in September 2004 at 3.7±0.03% and June 2005 at
3.2±0.14%.
Percent N measured in lower stems collected from Big Creek was
inconsistent between seasons (Figure 12). Nitrogen concentrations were
lowest in August 2002 and March 2003 at 2.4±0.13% and 2.4±0.06%,
respectively, highest in June 2003 at 3.6±0.14%, followed further declines
through summer 2003. Percent N in lower stems collected from
Disappointment Slough was generally low from May 2004 (2.6±0.07%) to
January 2005 (2.4±0.09%). N concentrations were slightly higher during the
winter 2003/2004 at 3.2±0.16% with a peak in June 2005 at 3.9±0.06%.
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Distinct seasonal patterns were measured in percent N from root
crowns collected from Big Creek (Figure 12). Low points were measured fall
2002 and 2003 (2.4±0.3% and 2.6±0.2%, respectively) and peaks were
observed in April 2002 and 2003 at 3.5±0.2% and 3.3±0.3%, respectively.
Seasonal trends in percent N were less discernible from root crowns collected
from Disappointment Slough (Figure 13). The overall average was 3.1 ±0.1% N
and, in general, concentrations declined throughout the 18 month study.
Nitrogen concentration of roots collected from both sides averaged 2.7% with
no clear difference between sites.
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In brief, N concentration in E. densa collected from both sites was
highest in tips, followed by root crowns and lower stems. The greatest declines
in N from plants collected from Big Creek was between spring and summer;
however, this decline occured between winter and spring from plants collected
from Disappointment Slough (Table 4).
Table 4. One-way analysis of variance table for %N in plant parts collected from Big
Creek, Oregon and Disappointment Slough, California.
Big Creek Reservoir, (Dregon
winter
spring
winter
0.475
spring
0.475
summer
0.064
0.000
fall
0.998
0.695
Lower stems
winter
0.005
F(3,76)= 4.909; p=0.004
spring
0.005
summer
0.546
0.055
fall
0.653
0.105
Root crowns
winter
0.027
r
0.027
F(3,72)= 12.877 ; pO.001 spring
summer
0.458
0.000
fall
0.054
0.000
winter
0.071
Roots
F(3,80)= 4.542; p=0.005
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Apical
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0.546
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0.413
0.067
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0.490

fall
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0.695
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0.653
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r = -0.73
p < 0.0001
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Figure 14. Correlation between % total nonstructural carbohydrates (TNC) as dry
weight (dw) in E. densa stems and % N (dw) in E. densa stems. Open circles (o)
represent Big Creek Reservoir, Oregon and closed circles (•) indicate Disappointment
Slough, California.
Percent N was negatively correlated with percent TNC of stems (tips
and lower stems) pooled from both populations (r = - 0.73; p<0.0001)
(Figure 14). Water temperature was lower in Big Creek, most notably during
the spring and summer. Water temperature was near 20°C in April 2004/2005
in Disappointment Slough, but only 10°C to 12°C in April 2002/2003 in Big
Creek Reservoir. Percent N in plant tips was weakly correlated with water
temperature, however this relationship was only significant in Disappointment
Slough (r =-0.38; p =0.012).
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Discussion
Percent TNC was highest in lower stems and root crowns. This was
expected as these are known storage areas for E. densa (Getsinger 1982).
Low points in TNC concentration of root crowns and lower stems were
measured earlier in the growing season in the California population (April)
compared to the Oregon population (May-June), and coincided with rapid
growth in plant stems. In a companion study, I measured highest growth rates
of E. densa in Disappointment Slough in April 2004 (0.68±0.08 cm d"1) and
July 2003 (0.17±0.02 cm d"1), and in October 2003 (0.28±0.03 to cm d"1) in Big
Creek Reservoir (Pennington unpublished data). In terrestrial plants, lowest
carbohydrate concentrations are often observed during regrowth of defoliated
resprout plants and their ability to sprout and growth rates depend on TNC
storage reserves (Kabeya and Sakai 2005).
In general, distinct seasonal trends in TNC and N were not consistent in
plants collected from either population. In lower stems and root crowns, low
points were consistent between seasons over two years in plants collected
from Big Creek, but not Disappointment Slough. Conversely, seasonal
changes in N concentration in tips collected from Disappointment Slough were
consistently low in the spring; however, only root crowns collected from Big
Creek had distinct N low points. Seasonal changes in photoperiod, light
availability, and water temperature likely influenced the variation in the onset
of TNC declines between the sites. Changes in photoperiod cue plant
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hormones to a suite of plant responses, including growth (Barbour et al. 1987).
Latitudinal differences effect day length and solar insolation between the sites
such that it is decreased by an hour during the winter and similarly increased
in the summer in Big Creek Reservoir compared to Disappointment Slough.
Additionally, Big Creek is located less than a half km from the Pacific Ocean
which moderates the local climate. Cloud cover reduces solar irradiance by as
much as 70% (Kirk 1994). In Big Creek, constant cloud cover is common
throughout most of the winter; however, in the Delta, fog is typically confined
to the morning hours. The median light extinction was nearly twice as high in
Disappointment Slough compared to Big Creek Reservoir (1.2 m"1 and
0.66 m"1, respectively). In Disappointment Slough, light extinction was twice as
high during spring 2005 and may explain the variability in TNC between years.
Water temperature also increased nearly two-fold between February and
March 2004 (from 12°C to 21°C) in Disappointment Slough. Conversely, in Big
Creek, water temperature in April 2002 and 2003 was only 10°C to 12°C. In a
southern M. spicatum population, TNC low points were measured between
April and July with a second low point in October; however, similar secondary
low points were not measured in northern populations of M. spicatum (Madsen
1997). For a southern population of E. densa, starch concentration in double
nodes and new stems was lowest in April followed by a second low point in
October; however, secondary low points were not clearly observed in other
plant parts (Getsinger 1982).
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Nitrogen concentrations measured in E. densa tips collected from
Oregon and California were similar to, or slightly higher than, other submersed
macrophyte species or other studies on E. densa (Oki and Une 1989, Duarte
1992). Spencer et al. (1997) measured up to 4.97% N in young shoot tips of
H. verticillata, Kimbel (1982) measured between 1.47 and 1.84% N in
M. spicatum allofragments and autofragments, and Barko and Smart (1981)
measured between 1.57% and 3.30% N in E. densa shoots of maximum and
minimum biomass, respectively. Barko and Smart (1981) concluded that under
conditions of maximum biomass, dilution of nutrients was occurring in
response to enhanced light or temperature. Similar observations were made
for H. verticillata and M. spicatum in that experiment. In this study,
measurement of high N concentration in stem tips and lower N concentration
in lower stems was not surprising given that fast-growing terrestrial plants
translocate nitrogen from older leaves to rapidly growing new leaves thereby
increasing the photosynthetic capacity of a dense canopy (Hirose and Werger
1987).
Decreased N concentrations in E. densa collected from California in
April 2004 and 2005 coincided with increased growth rates, suggesting that
growth dilution was occurring (Barko and Smart 1981). Despite low points
measured in plant tips from both populations, N concentration never fell below
the critical nitrogen level of 1.3% required to maintain maximum growth for
several species of aquatic plants (Gerloff and Krombholz 1966). The
58

availability of sediment- or water-N does not appear to limit the growth of
E. densa in Big Creek Reservoir or Disappointment Slough.
The storage of TNC and N are important to the sprouting and regrowth
of woody species, respectively, and TNC accumulation occurs when nutrient
reserves limit growth and vice versa (Kabeya and Sakai 2005). An inverse
relationship between TNC and N concentration was measured in E. densa
stems (tips plus lower stems), a relationship similarly made by Mooney et al.
(1995) for Phaseolus lunatus L. (r = -0.90). It should be noted, however, that in
the present study, this inverse relationship was primarily driven by higher TNC
in the lower stems and higher N in tips, suggesting E. densa is translocating N
from lower to upper portions of the plant. The potential advantage is that upon
defoliation (i.e. loss of N), the plant's ability to assimilate carbon is reduced;
however, its ability to sequester sediment nutrients may not (Kabeya and
Sakai 2005). Tucker and Debusk (1981) also found an inverse relationship
between crude protein (calculated as percent N x 6.25) and total available
carbohydrates (TAC) levels in E. crassipes. For plant tips collected from
Oregon, California (this study) and South Carolina (Getsinger 1982), the
relationship between N and storage sugars were substantially less (r = -0.73;
p<0.0001 and r = -0.54; p = 0.04, respectively) than that reported by Mooney
et al. (1995). While I found similar seasonal changes in the TNC concentration
of E. densa stems, N concentration changed very little, again suggesting N
was unlikely limiting to plant growth.
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Distinct low points in the TNC concentration of important E. densa
storage organs were not consistently measured between seasons at either
site. And, E. densa did not exhibit distinct summer or winter senescence.
Thus, rapid spring growth from a winter-type growth form (described by
Getsinger and Dillon 1984) was not observed. Field evaluations should be
conducted to determine whether these low points are substantial and
consistent enough to improve control of E. densa. Perkins and Sytsma (1987)
measured reduced standing crop and TNC content of M. spicatum after
harvesting; however, this reduction did not result in lower carbohydrate
reserves or biomass the following year. Additionally, high N concentrations
through this study suggest that N is unlikely to limit the spring growth of
E. densa growing in Disappointment Slough or Big Creek Reservoir as
observed for some freshwater (Best et al. 1996), estuarine (Pedersen 1995),
and grass species (Volenec 1996). Moreover, summer or winter senescence
was not observed; both populations persisted as evergreen perennials,
perhaps due to a lack of extreme seasonal changes (Greulich and Bomette
2003). These patterns suggest that identifying low points in TNC and N may
not practically aid management efforts of E. densa in similar environmental
conditions.
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CHAPTER 3: FACTORS AFFECTING THE ESTABLISHMENT AND
POTENTIAL GROWTH OF EGERIA DENSA FRAGMENTS
Abstract
The reproduction of many invasive macrophytes is dependant upon
vegetative propagules, and their successful establishment is in large part
determined by inherent characteristics of the propagule and environmental
factors. Activities such as mechanical harvesting and boating can result in
numerous plant fragments capable of expanding the population within and
between waterbodies. Egeria densa Planch. (Hydrocharitaceae) is a highly
invasive submersed macrophyte whose colonization depends on stem
fragments with specialized regions called double nodes where branches, roots
and flowers grow. I hypothesized that the effects of high nutrient media (1/4x
Hoagland's) in which short (8 to 10 cm) or long (18 to 22 cm) E. densa stem
fragments floated would, in turn, increase the N content of stem fragments
compared to those in low nutrient media (Ox Hoagland's solution). Additionally,
I hypothesized that higher nutrient content and longer stems would increase
the establishment success of floating E. densa fragments. The establishment
success and growth characteristics of floated and planted stem fragments and
roots were evaluated under greenhouse conditions.
Nutrient media did not significantly change the nitrogen content of short
or long stem fragments. Half of the floated stem fragments successfully
established (by sending roots to the sediment). Most of these successful
65

stems were long stems with more double nodes. Root:shoot ratios were not
significantly different between planted and floated stems; however, the number
of adventitious roots and the growth rate of roots were significantly greater on
floated stems of either length. High establishment success rates of E. densa
coupled with the longevity of floating stem fragments and rapid growth rates of
adventitious roots partially explain the success of this highly invasive species.
Furthermore, these results emphasize the importance of removing fragments
after harvesting and avoiding transporting fragments within and between
waterbodies.
Introduction
The production of vegetative propagules (stem fragments, tubers,
turions, stolons, rhizomes) are important for perennation and dispersal of
many aquatic macrophytes (Sculthorpe 1967, Capers 2003), resulting in low
within-population genetic variation and increased local dispersal of clones
(Santamaria 2002). The distance vegetative propagules are dispersed is
determined by the propagule type (Spencer and Ksander 1991) and
mechanism of dispersal (Henry et al. 1996, Riis and Sand-Jensen 2006). For
example, Myriophyllum spicatum L. produces stolons for localized dispersal
and stem fragments for long distance dispersal (Madsen and Smith 1997).
Invasive aquatic plants displace native vegetation, impair fisheries and
disrupt navigation, flood control, and recreational activities (Spencer and
Bowes 1990, Mullin et al. 2000, Myers et al. 2000). Mechanical control
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technologies are commonly employed to reduce the biomass of such invasive
macrophytes. However, beause many invasive aquatic plants reproduce by
stem fragments, failure to remove fragments produced by mechanical control
may result in spread of macrophytes that propagate by such means (BarratSegretain et al. 1998). Anderson (2000) estimated that up to 53.5 fragments of
E. densa stems per minute could be generated from mechanical control in the
Sacramento-San Joaquin Delta, California.
The buoyancy of macrophyte fragments (Riis and Sand-Jensen 2006)
and other species-specific traits can determine the immigration of propagules
and changes in community (Henry et al. 1996, Cellot et al. 1998). BarratSegretain et al. (1998) studied mechanisms of regeneration and establishment
success of six macrophytes. They found some species dedicated resources to
rapid establishment by developing roots, whereas others produced many
propagules. Mielecki and Pieczyhska (2005) measured the effects of the light
environment on the establishment success of whole and fragmented shoots of
Elodea canadensis Rich, over 30 days. They found that E. canadensis
fragments survived under as little as 3 umol m"2s"1 of light and that fragmented
shoots elongated more than whole plants, particularly under higher light levels
(i.e. 30 umol m"2s"1). Kimbel (1982) determined that colonization success of
M. spicatum was greatest in late summer when total nonstructural
carbohydrate (TNC) content was higher. He also found that autofragments
(fragments broken at natural abscission points) were more successful at
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establishment than allofragments (fragments produced by artificial abscission
points), which contained lower TNC concentrations.
Floated fragments produced by physical disturbance differ from rooted
plants in their mineral nutrition. Rooted submersed macrophytes obtain most
nitrogen and phosphorus from the sediment (Carignan and Kalff 1980, Barko
and Smart 1981, Chambers et al. 1989, Barko et al. 1991), and free-floating
stem fragments are dependant on the water column for additional mineral
nutrition. Factors that influence the nutrient status of aquatic plants include
leaching, uptake, and growth. For floated stem fragments, however, uptake
from the sediment is eliminated and growth will slow or cease as nutrient
reserves are depleted. Leaching is the first step in macrophyte decay
(Webster and Benfield 1986) and decay rates are subsequently controlled by
temperature, plant nitrogen content (Carpenter and Adams 1979), and
microbial activity (Webster and Benfield 1986). Thus, the decay rate of
mechanically controlled stem fragments is an important determinant of the
plant's ability to spread and establish.
Egeria densa spreads exclusively by staminate (male) stem fragments
outside its native range of southern Brazil to the La Plata Delta in Argentina
(Jacobs 1946). The clonal nature of E. densa has resulted in low genetic
variability between populations in Oregon and southern Chile (Carter and
Sytsma 2001). Branches, roots, and flowers are formed in specialized regions
referred to as bud or double nodes, comprised of two closely spaced leaf
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nodes (Cook and Urmi-Konig 1984). The frequency of double nodes per stem
length thus determines the number of potential ramets and subsequent
biomass production. Egeria densa stem fragments created by mechanical
harvesters and boat propellers are easily transported within and between
waterbodies. Stem length (i.e. more double nodes) and trophic status of the
waterbody may influence the survivorship of stem fragments.
I tested three hypotheses. First, to determine whether E. densa
fragments would more likely survive after cutting in nutrient-rich waterbodies, I
tested whether higher N concentration of the media led to higher N content in
floated stems. Second, I evaluated whether longer E. densa stem fragments
with higher nutrient content would establish more successfully. Lastly, I
evaluated root and shoot growth as functions of stem length and contact with
the sediment. Results of this study will improve our understanding of the
factors that determine the nitrogen content and establishment success of
E. densa fragments.
Materials and Methods
The experiments were carried out between 13 October 2005 and 16
December 2005 under controlled greenhouse conditions on the Portland State
University campus in Portland, Oregon. Plant material was collected from the
Chehalis River, Washington and floated for one week in carbon-filtered tap
water under ambient conditions.
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Experiment 1: Effects of dissolved nutrients on fragment nutrient status
Two lengths of E. densa stem tips were incubated under two nutrient
regimes. Initially short stems (ISS) were cut to 8 cm to 12 cm and initially long
stems (ILS) were cut to 18 cm to 22 cm fragment lengths. Stems were clipped
such that a) one double node was at the end of the stem, and b) the tip was
characterized by healthy apical tissue. Stems were intentionally cut at a
double node to ensure the potential for rooting.
Stems were incubated in 0.03 m3 containers (L x W x H = 22 cm x
22 cm x 69 cm) in an unameded (Ox) or amended (%x) nutrient solution
containing one-fourth strength Hoagland's solution (representing 5 mg N L"1)
(Hoagland and Snyder 1933). Water for the incubation media was obtained
from the City of Portland. The city water supply, which is otherwise unfiltered,
was supplied by Bull Run Reservoir. Sourcewater nitrate-nitrogen is reported
to be between 0.02 to 0.06 ppm; however, the city of Portland uses
chloramination (the addition of chlorine and ammonia) for disinfection
purposes (Portland Water Bureau June 2006;
http://www.portlandonline.com/water). Chloraminated tap water results in
chloratic plant tissue (personal observation) thus it was filtered using activated
carbon (resulting alkalinity « 0.34 meq L"1). Filtration used in this experiment
reduced chlorine to detection limits (Hach model CN-66 free and total chlorine
test kit, Hach, Loveland, Colorado). Residual ammonia concentrations were
not measured. Filtered water was amended with a low-alkalinity solution (0.85
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meq L"1) to increase the inorganic carbon supply for photosynthesis (Smart
and Barko 1985). Each treatment was replicated three times.
Alkalinity (bromcresol green method) and pH (Orion 970A) were
measured the first week of incubation. Temperature of the incubation media
was maintained near 18°C by a circulating water bath attached to a
heater/chiller unit (Pacific Coast Imports, Woodbum, Oregon) and aeration
was provided to each incubation tank (Sweetwater Linear II Air Pump from
Aquatic Ecosystems, Apopka, Florida).
After one and two weeks of incubation, stems from each treatment were
removed, dried at 70°C to constant weight and ground to pass through a 40mesh screen. Nitrogen concentration was measured using a PerkinElmer
Instruments 2400 Series II CHN Analyzer with acetanilide as the standard.
Differences in the effects of nutrient media (Ox or %x) and incubation time
(initial and two weeks) on stem N content (mg N stem"1 and mg N g dw ~1)
were determined using independent t-tests on short and long stems.
Significant differences were determined at a<0.05.
Experiment 2: Effects of plant N content and fragment length on establishment
At the same time stems were removed for nitrogen analysis in
Experiment 1,18 stems from each treatment were randomly selected and
transferred to one of three 1000 L insulated containers. At this time, the
prediction was that Experiment 1 had resulted in stems of variable nutrient
content. Nine stems were either planted approximately 4 cm deep or floated

71

above a 175 cm3 container filled with Modified UC Mix (Spencer and Anderson
1986). This mixture allowed for sediment of known and uniform nutrient
content that was easily prepared and replicated.
Each 175 cm3 container was encircled by a 60 cm high cage made of
1 cm2 construction mesh to allow water circulation but to maintain fragment
position over the container. Water depth was approximately 45 cm and, using
previously described methods, the water was carbon-filtered, alkalinity was
increased, and water temperature was maintained near 18°C. Hobo
temperature loggers in submersible cases (Onset Computer Corporation,
Pocasset, Massachusetts) were used to monitor temperature every 90
minutes. Light (-600 umol m"2 s"1) was provided by four, 96-watt compact
fluorescence light bulbs (6700K) on 10h:14h (light:dark) cycle.
After 11 weeks, floated stems were considered established if roots
penetrated the sediment. All plants were harvested and the lengths of stems
and roots were measured and dried at 70°C to constant weight. Stem N
content was measured as previously described.
Experiment 3: Effects of length and planted/floated status on growth
After harvesting significant differences in the N concentration between
initial stem lengths and planted/floated status within size classes were
determined using independent t-tests (a<0.05). The relative growth rates
(RGR) of shoots and roots were determined by: Ln (Wf - Wi) / 1 ; where
Wf = final dry weight (dw), Wi = initial dw and t = days. Differences in the RGR
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of shoots and roots were determined using one-way ANOVA and least
significant differences (LSD) were determined at a <0.05. Changes in stem
length between floated/planted short stems and floated/planted long stems
were determined with t-tests at a <0.05. Differences in the number of
adventitious roots (cm"1), root growth (cm d"1), root dry weight (dw cm"1) and
root:shoot ratios (dw) between floated/planted short stems and floated/planted
long stems we also determined using t-tests at a <0.05. All statistical analyses
were performed using SPSS 13.0.
Results
Experiment 1: Effects of dissolved nutrients on fragment nutrient status
Water temperature in the incubation containers averaged 18.1 ±0.06 °C.
Alkalinity in all incubation bins averaged 0.5±0.01 meq L"1. Initial N content of
ISS was 5.37 mg stem"1 versus 12.1 mg stem"1 in ILS (n=3) (Figure 15). On a
dry weight basis, initial N concentration averaged 37.9 mg N g dw"1 ± 0.6 with
no differences between stem lengths. After two weeks incubation, N content
per stem remained higher in long stems compared to short, but no differences
were measured between nutrient levels within stem lengths (Figure 15). On a
dry weight basis, ISS contained significantly more N (38.8± 0.6 mg N g dw"1)
compared to ILS (36.0± 0.5 mg N g dw"1) (t(2), 70 = ; p= 0.05). However, since
stems incubated in %x Hoagland's solution did not have higher N content than
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ones incubated in tap water and were not separated by nutrient condition for
the second experiment.
„0

•Short Ox

• Short 1/4 x

O Long Ox

D Long 1/4 x

Ion

15 V

E 12

-

CD

w g_

z
E

j t

6

"

3 0
0

1

2

Incubation week
Figure 15. Nitrogen content (mg N stem"1) in long and short E. densa stems after 0 to
two weeks incubation in Ox or %x Hoagland's solution. Values indicate the
mean ± SE.
Experiment 2: Effects of plant N content and fragment length on establishment
After 11 weeks, none of the floating stems sank to the sediment.
Instead, stems floated on the water surface without visible signs of stress and
all but three stems, regardless of initial length, produced adventitious roots
that provided the anchoring mechanism for stems. Half of the floated E. densa
stems established root contact with the sediment (78% ILS and 22% ISS).
Compared to the beginning of the experiment, N concentration averaged
39.3±0.76 mg N g dw"1 and was not significantly different between planted or
floated stems that were ISS or ILS (Figure 16).

74

I Short

Initial

a Long

Floated 11
wks

Planted 11
wks

Figure 16. Nitrogen concentration (mg N g dw"1) of short (black bars) and long (white
bars) E. densa stems before and after 11 weeks planted in or floated above
sediment-filled pots. Values indicate means ± SE. Significant differences between
initial stem length and planted/floated status within short/long size classes were
determined using independent t-tests (a<0.05; n=3 for initial and n=18 for all others)
Capital letters indicate significant differences in short stems and small letters indicate
differences in long stems.
Experiment 3: Effects of length and planted/floated

status on growth

After 11 weeks, no significant differences in stem length (main stem
plus branches) were measured between floated (most of which had
established roots) and planted stems within size classes (Figure 17). Floated
ISS grew 32.9±2.9 cm while planted ISS grew 36.1 ±1.9. Floated ILS grew
52.9±2.9 and planted ILS grew 45.2±1.9 cm.
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Figure 17. Length of short and long stems (cm) initially (black) and after 11 weeks
(white) planted or floated above sediment. Values indicate mean ± SE. Significant
differences between the lengths of floated/planted short stems and floated/planted
long stems were determined using independent t-tests (a <0.05; n=18). n.s. =
not significant.
The rate of branch growth for floated ISS averaged 0.20± 0.03 cm d"1
versus 0.24±0.03 cm d"1 for planted ISS with no significant difference between
treatments. The rate of branch growth was also not different between floated
ILS (average = 0.24±0.03 cm d"1) and planted ILS (0.24±0.03 cm d"1).
Floated stems produced more adventitious roots per cm stem than
planted stems independent of stem length (Figure 18A). Floated ISS produced
0.04 roots cm"1 while planted ISS produced significantly fewer (0.001
roots cm"1; ct<0.001). Floated ILS also produced more adventitious roots
(0.02 roots cm"1) compared to planted ILS (0.01 roots cm"1); however, this
difference was not significant (p=0.09).
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Regardless of initial stem length, roots of floated stems grew more
rapidly than roots of planted stems (0.4 ±0.06 cm d"1 and 0.25±0.02 cm d"1,
respectively) (Figure 18B). Based on root dry weight (dw) per cm, roots of
planted ISS were more robust than floated ISS (Figure 18C). Root density
data were not separated by adventitious and sediment roots. Root:shoot ratio
(dw) was not significantly different between treatments (Figure 18D). Relative
growth rate (RGR) averaged 0.04 d"1 for shoots and 0.02 d"1 for roots (Figure
19) with no significant differences between shoots (planted/floated ISS p=0.52
and planted/floated ILS p=0.96) or roots (planted/floated ISS p = 0.95 and
planted/floated ILS; p=0.93).
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Figure 18. A) Number of adventitious roots per cm of stem, B) Root growth rate
(cm d"1), C) Root dry weight cm"1, and D) Rootshoot dry weight for short and long
stems that were either floated (white) or planted (black) above sediment. Values
indicate mean ± SE. Significant differences between floated/planted stems within
lengths were determined by t-test where *** a<0.0001, * a <0.1, and n.s. = not
significant.
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Figure 19. Relative growth rate per day (RGR d"1) of E. densa shoots (white bars) and
roots (black bars) from short or long stems that were either floated or planted. Values
indicate the mean ± SE. Capital letters indicate significant differences between shoots
(a<0.5) and small letters indicate significant differences between roots.
Discussion
The hypothesis that higher nutrient concentration in the incubation
media would increase the N content of floated stem fragments was rejected. N
content of E. densa fragments did not significantly change after two weeks of
incubation in Ox or %x strength Hoagland's solution. Instead N concentration
was only different between ISS and ILS.
All floated stem fragments continued to float on the water surface, even
after 13 weeks (two in Experiment 1 and an additional 11 weeks in Experiment
2); and even if roots made contact with the sediment. Barrat-Segretain et al.
(1998) similarly found that most Hippuris vulgaris L. stem fragments continued
to float after 10 weeks under laboratory conditions. Sorrell and Dromgoole
(1996) subjected E. densa stem fragments to varying internal and external gas
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pressure and found stem fragments were resistant to flooding and that nodal
diaphragms closest to the tip retained a greater number of intact airspaces. In
this experiment, stems were intentionally cut at double nodes to allow for root
formation, possibly causing persistent buoyancy of stem fragments.
Conversely, Barrat-Segretain et al. (1998) observed that all E. canadensis
fragments sank within hours of initiating their laboratory experiment and that
between 40 and 50% of shoots without roots survived after 10 weeks. Riis and
Sand-Jensen (2006) found similar results for E. canadensis under field
conditions. I observed abscission points above double nodes in field collected
E. densa. Similar obsersations have been made by King (1943). This suggests
that naturally produced stem fragments do not contain a terminal double node
therefore less likely to resist flooding.
Float time is not only determined by species-specific traits but, under
natural conditions, biological (herbivory, bacteria, periphyton), environmental
(water temperature), and mechanical (wind, flooding) forces play important
roles in the decay of fragments (Webster and Benfield 1986). Plant
characteristics other than nutrient condition could influence the likelihood of
fragments sinking. Carbohydrates are heavy and less concentrated in stem
tips compared to stem tissue just above the root crown (Getsinger 1982,
Pennington unpublished data). Thus, lower stems may be more likely to sink
and become established than tips. Future work should consider the effects of
seasonal changes in stem type and TNC content on establishment success.
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Based on growth rate measurements, plants elongated and small
branches developed; however, this growth did not result in measurable growth
dillution of N. And after 11 weeks, the average N concentration was 38.2±0.33
mg N g dw"1. Duarte (1992) measured a maximum of 2.2 %N (dw) for 11
macrophyte species and Gerloff and Krombholz (1966) determined the critical
N concentration for several aquatic macrophytes to be 1.3% (dw). Thus, plants
in this experiment were unlikely N stressed even after floating for up to 13
weeks in carbon-filtered tap water. It would seem floated stems would have
relatively less N; however, since 78% of the floated ILS rooted in nutrientamended sediment before the final N analysis, the effect of floating was
negated. N was unlikely leached from stems as evidenced by the fact that N
content in floated ILS did not significantly change after 11 weeks (Figure 16).
Nitrogen content increased in ISS after 11 weeks, possibly due to nutrient
release from the sediment-filled containers in combination with any nitrogen
available from the carbon-filtered tap water. Moreover, the N concentration of
the tap water was not measured, thus initial differences between nutrient
treatments may not have been sufficient to result in significant differences in
plant N content.
Stem length (i.e. the number of double nodes per stem) influenced the
establishment of stem fragments in this experiment. Half of the floated plants
formed adventitious roots that were long enough (ca. 30 cm) to establish
contact with the sediment and this was particularly true for ILS (78%)
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compared to ISS (22%). More ILS may have established because, having
more double nodes, they have an increased chance of forming adventitious
roots. Moreover, longer stems may also result in higher carbohydrate
reserves. However, because most floated plants produced adventitious roots,
more stems (despite their initial length) would have established if the
experiment had continued longer, allowing more time for the roots to grow
toward the sediment. In a similar experiment conducted by Barrat-Segretain et
al. (1998), Sparganium emersum Rehm. and Ranunculus trichophyllus Chaix
responded similarly as E. densa, quickly forming roots and establishing
contact with the sediment. This experiment was conducted at 18°C while
Barrat-Segretain et al. (1998) conducted their experiment at 10°C. Increased
fragmentation of E. densa has been observed around 10°C during late
winter/early spring and luxuriant growth at 18°C (Pennington unpublished
data). Thus temperature is likely an important factor in determining a plant's
natural fragmentation response and dispersal success. Future work should
examine the potential for E. densa to autofragment and become rooted at
various temperatures.
Egeria densa growth rates in this study were similar to those measured
under field conditions (Pennington unpublished data, Carrillo et al. 2006). The
RGR of E. densa shoots (0.04 d"1) was similar to that measured for
E. canadensis with and without roots in an experiment to measure the relative
importance of roots versus leaves for nutrient uptake (Madsen and
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Cedergreen 2002). The RGR of E. densa in this study was also similar to
those measured by Haramoto and Ikusima (1988) at 20.7°C under
greenhouse conditions (their values were based on changes in stem length
rather than dry weight). Significant differences were not detected in stem
length or branch growth rate between ISS or ILS fragments that were planted
or floated above sediment. Conversely, Carillo et al. (2006) measured higher
growth in floated E. densa stem fragments compared to planted stem
fragments.
Sediment roots that formed on planted stems differed in abundance
than those formed on floated stems. On planted stems, roots grew primarily
from the double node planted in the sediment (basal end) and only on rare
occasions did adventitious roots form on double nodes higher on the stem.
King (1943) made a similar observation on planted stems, and additionally
reported that adventitious root formation only occurred when the stem axis
was broken or detached. Floated stems formed roots at the basal end and,
more commonly, they formed adventitious roots at double nodes higher on the
stem. The abundant formation of adventitious roots on floated stems is
physiologically driven by root gravitropism (Moore and Evans 1986,
Boonsirichai et al. 2.002) from root primordia in double nodes along the stem.
Kimbel (1982) reported abundant formation of adventitious roots on
M. spicatum prior to fragmentation. Sytsma and Anderson (1993) observed
increased adventitious root formation on emergent stems of Myriophyllum
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aquaticum (Vellozo) Verdcourt, suggesting this was due to reduced
dependence on sediment roots. Under natural conditions, such abundant
adventitious root formation would greatly facilitate establishment when
conditions become favorable.
The growth rate of roots on floated stems was significantly greater than
on planted stems of both size classes. Conversely, the density of roots on
floated stems was less than on planted stems (ISS only). Differences in root
growth rate and morphology are attributed to nutrient availability and
characteristics of the rooting media (typically sediment) (Eissenstat 1992, Xie
et al. 2005). Sediment roots are denser, possibly due to greater resistance
from the sediment compared to resistance from the water. Because more
(78%) floated ILS became rooted in the sediment than floated ISS (22%) there
was no significant difference in root density between planted/floated ILS. That
is, adventitious roots that contacted the sediment were likely denser than
those that remained adventitious. Root types were not separated during the
harvest, so floated ILS root density may have been substantially lower,
however sediment root data could be removed from data analysis.
Root:shoot ratios (dw) are typically higher for nutrient stressed plants
(Barko and Smart 1978, Madsen and Cedergreen 2002). In this study, the lack
of significant differences in root:shoot ratios between treatments is due to
higher root growth rates on floated stems counterbalanced by higher root
density on planted stems. Additionally, because the effects of sediment type
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(e.g. different sand, silt, and clay proportions) or sediment nutrient content
were not evaluated, the possibility that planted and floated stem fragments
were equally stressed cannot be disregarded. In other words, if the planted
stems were less stressed than the floated stems, one would expect the
root:shoot ratio of planted stem to be lower but they were not.
High survivorship and efficient dispersal of stem fragments are critical
to macrophyte species that do not produce perennating structures such as
tubers or commonly reproduce sexually. Data from this study demonstrates
that for E. densa, floated stem fragments are a highly successful dispersal
mechanism, some of which are capable of surviving up to 13 weeks without
contact with a suitable substrate. This allows for long distance travel, the
opportunity for adventitious root growth, and potential development of young
root crowns. These strategies clearly provide E. densa with a competitive
advantage over plants whose stem fragments quickly sink without rapid root
formation. Moreover, this information highlights the need to remove plant
fragments after harvesting activities.
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CHAPTER 4: SEASONAL CHANGES IN THE PHOTOSYNTHETIC
RESPONSES OF EGERIA DENSA IN THE SACRAMENTO-SAN JOAQUIN
DELTA, CALIFORNIA
Abstract
The photosynthetic responses of Egeria densa Planch.
(Hydrocharitaceae) were measured once a month for 18 months in
Disappointment Slough in the Sacramento-San Joaquin Delta, California. The
maximum photosynthetic rate (Pmax)> photosynthetic efficiency (a), onset of
light saturation (Ik), and light compensations points (LCP) were fitted to the
hyperbolic tangent model. The goal was to describe the plant's seasonal
response to changes in temperature and light under field conditions to better
understand what conditions favor and limit the distribution of this highly
invasive macrophyte. Egeria densa maintained its canopy growth form
throughout the study without summer or winter senescence. Pmax ranged from
60 umol 0 2 g dry weight (dw)"1h"1 in December 2003 to 215 umol 0 2 g dw"1h"1
in July 2004 and a ranged from 0.12 umol O2 g d w ' V / umol m"2s"1 in May
2004 to 1.49 umol 0 2 g d w ' V 1 / umol m"2s"1 in December 2004. LCP was
lowest during the winter (3 umol m"2 s"1) and highest in April 2004 (128 umol
m"2 s"1), or from 1% to 7% of surface light. Egeria densa acclimated to
seasonal changes in surface irradiance as evidenced by its broad range in Ik
(25 umol m"2s"1 in January 2004 to 403 umol m"2s"1 in April 2005). Egeria
densa maintained positive photosynthetic rates at pH values well above 8 and
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dissolved inorganic carbon (DIC) values around 1.2 mM. These data
suggested E. densa is acclimated to the low light and low DIC environment of
Disappointment Slough, providing a competitive advantage over species that
require high surface irradiance to reach photosaturation or are incapable of
using HCO3" as an alternative carbon source when CO2 becomes limited.

Introduction
Photosynthesis provides the necessary energy for plant growth and the
carbon skeletons to support the photosynthetic apparatus and its resulting
products (Bazzaz 1997). Temperature is critical in determining the rate of
biochemical reactions such as photosynthesis (Madsen and Brix 1997).
Submersed aquatic plants are capable of cellular maintenance under a broad
temperature range; however, maximum growth occurs at an optimal
temperature or range of temperatures depending on species and its
geographic location (Carr et al. 1997).
Water buffers against strong diel changes in temperature, particularly in
the pelagic zone of temperate waterbodies, thus light limitation is often more
critical (Sand-Jensen 1989). In systems with greater water clarity, however,
water temperature may be more limiting to macrophyte growth than light
availability (Dale 1985). Factors that influence the availability of light include
turbidity from organic sources such as algae or other macrophytes,
resuspended sediment particles, and dissolved color (Kirk 1994). Additionally,
plant characteristics such as shoot age, self-shading (van der Bijl et al. 1989,
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Mendez and Sanchez 1998), growth form (i.e. meadow- versus canopyforming) (Spencer and Bowes 1990), and chlorophyll content (Nielson and
Sand-Jensen 1989) influence a plant's ability to capture light.
The supply of inorganic carbon may also limit photosynthesis in
submersed macrophytes. Factors that determine the concentration of CO2 in
water are pH (Jones et al. 2000), the presence of other phototrophs (Maberly
1996), water temperature (Hutchinson 1957), alkalinity (Kalff 2002, Pierini and
Thomaz 2004), and that it dissolves 10"4 that of air (Sand-Jensen 1983,
Maberly and Spence 1983). Thus, under high light and temperature conditions
with high photosynthetic activity, CO2 utilization and pH increase. The result is
comparatively less CO2 for photosynthesis and overall productivity may
decline at midday (Van et al. 1976).
To overcome carbon-limitation, some submersed macrophytes have the
ability to use HCO3" as an alternative source of inorganic carbon or to
concentrate CO2 (C/rtype photosynthesis). In high light and high temperature
environments these strategies provide a competitive advantage over species
lacking these mechanisms (Holaday et al. 1983, Reiskind et al. 1997).
Evidence for HCO3" use by E. densa was provided by Browse et al. (1979).
They measured lower CO2 and increased pH in the incubation media;
however, photosynthesis (measured as C 1 4 - uptake) did not cease,
suggesting HCO3" was being used as an alternative source of inorganic
carbon.
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Despite the benefits of HC03"- use by aquatic plants, it is comparably
less efficient than C0 2 (Pierini and Thomaz 2004). The ability to use HCO3"
has been found in Hydrilla verticillata (L.f.) Royle, Vallisneria spiralis L,
Myriophyllum spicatum L, Potamogeton crispus L, Ranunculus peltatus,
Elodea canadensis Michx., Egeria densa Planch., and Elodea nuttallii
(Planch.) (Holaday and Bowes 1980, Rascio et al. 1991, Madsen and Maberly
1991, Maberly and Madsen 1998, Jones 2005). C4-type photosynthesis
suppresses photorespiration, the use of O2 instead of CO2 by Ribulose-1,5bisphosphate carboxylase/oxygenase (Rubisco) when CO2 becomes limiting.
In terrestrial plant species, this is accomplished by concentrating CO2 in the
bundle sheath cells and reducing the activity of oxygenase in Rubisco (Pearcy
and Ehleringer 1984). In the comparatively thin leaves of submersed plants,
the C4 enzymes phosphoeno/pyruvate carboxylase (PEPC) and NADP malic
enzyme are found in the cytosol and chloroplast, respectively (Casati et al.
2000). Moreover, leaves of aquatic plants lack Kranz anatomy which is
characteristic to terrestrial C4 plants (Reiskind et al. 1989). Evidence for
Kranz-less Czrtype photosynthesis is indirectly provided by reduced CO2
compensation points (Salvucci and Bowes 1981) or directly by the presence of
C4 enzymes (e.g. PEPC and NADP-malic enzymes) (Casati et al. 2000). In
addition to E. densa, evidence for C4-type photosynthesis has been
demonstrated in H. verticillata (Magnin et al. 1997) and E. canadensis
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(DeGroote and Kennedy 1977), both of which are Hydrocharitaceae and
commonly invasive in freshwater ecosystems.
Photosynthetic response is commonly measured as 02-evolution or
C02-uptake. This information can be used to construct photosynthesisirradiance (P-l) curves, where a plant's photosynthetic rate increases with light
to a photosynthetic maxima (referred to as Pmax)- The slope of the light-limiting
portion of the curve describes the plant's photosynthetic efficiency (commonly
referred to as alpha, a). If Pmax and a are known, the onset of light saturation,
Ik, can be calculated by Pmax * a (Kirk 1994). Respiration rate is measured in
the absence of light and used to determine the light compensation point (LCP),
the minimum light level required for photosynthetic oxygen production to
balance respiratory uptake (Kirk 1994). A low LCP means less light is required
to balance the demands of respiration and photosynthesis. Photosynthesisirradiance curves are commonly used to describe the photosynthetic capacity
of aquatic plants (macrophytes and algae) under various environmental
conditions. If determined under field conditions, the combined seasonal effects
of light and temperature on photosynthetic response are simultaneously
measured.
The success of many invasive submersed plants is due to their ability to
take advantage of conditions (e.g. light, temperature, inorganic carbon)
otherwise limiting to native species. This would be measured, for example, in
terms of increased photosynthetic effieciency combined with the ability to use
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HC03". The better we understand the competitive mechanisms of invasive
aquatic plants the better we can predict what conditions favor or limit their
spread.
Egeria densa is a highly invasive submersed macrophyte that has
caused severe ecological and navigational problems in the Sacramento-San
Joaquin Delta in California, USA (California Department of Boating and
Waterways 2000). This study determined how seasonal changes in light and
temperature influence the photosynthetic response of E. densa under field
conditions. I hypothesized that higher photosynthetic rates would be measured
during the summer, to a certain point, as photosynthetic rates of E. densa are
known to peak around 25°C then decline above 28°C (Barko and Smart 1981,
Getsinger 1982). This information will allow managers to predict the future
spread of invasive aquatic plants, their response to management, and their
impacts to native species.

Materials and Methods
Egeria densa stem tips were collected from Disappointment Slough in
the Sacramento-San Joaquin Delta, California (38° 02' 26"N, 121° 26' 15"W)
northwest of Stockton, California. Monthly experiments were conducted in situ
from December 2003 to June 2005 and occurred between approximately
09:00 and 13:00 to avoid high winds common to the Delta in the afternoon.
Plants were collected from a boat using a rake attached to a rope. Tips were
clipped to 15 cm (median = 1.89 g fresh weight), rinsed in Delta water to
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remove debris and periphyton and placed in 300 ml biological oxygen demand
(BOD) bottles filled with unfiltered Delta water. One of five levels of neutral
density shade filters (Lee Filters USA, Burbank, California) covered each
bottle to limit light by 100 to 0% of surface irradiance (no filter was used under
foggy conditions). Incubations were carried out in a shipboard container.
Water from the Delta was constantly circulated through the container using a
bilge pump to maintain ambient Delta water temperature during incubation.
Controls (BOD bottle without a plant) were incubated similarly and all light
treatments were replicated three times.
Dissolved oxygen (DO) was measured before and after about three
hours incubation. To negate boundary layer effects during measurement
(Westlake 1967), a 0.75 cm long stir bar was inserted in each bottle and
bottles were placed on a portable Cole-Parmer magnetic stir plate during
measurement. Dissolved oxygen was measured using an Orion 97-08 Clarktype polarographic electrode inserted into a funnel designed to fit a BOD bottle
and avoid water displacement. The pH was similarly measured from April 2004
to June 2005 using an Orion 970A pH meter. Following incubation, plants
were placed in plastic bags and transported on ice to the laboratory where
they were dried at 70°C to constant weight. Alkalinity was measured using the
Gran titration method (Wetzel and Likens 1989) and dissolved inorganic
carbon (DIC) was calculated according to Stumm and Morgan (1996) for the
seven pre-incubation samples collected December 2003 to November 2004.
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Samples collected before and after incubation from March to June 2004 were
filtered in the field (0.7 urn Whatman GF/F), stored on ice in 40 mL glass vials
with Teflon septa, and analyzed for DIC on a Shimadzu

TOC/V C SH

analyzer

within two days of collection.
Photosynthesis-irradiance curves were modeled according to the
hyperbolic tangent model of Jassby and Piatt (1976): GP = Pmax* tanh (crt -*•
Pmax) + R, where GP is the gross photosynthetic response (umol O2 g dry
weight"1 h"1), Pmax is the maximum photosynthetic rate, alpha (a) is the
photosynthetic efficiency (umol O2 g dw"1 h"1 /umol m"2 s"1), I is irradiance
(umol m"2 s"1) and R is oxygen change from opaque bottles. Light saturation,
Ik, was calculated as the ratio of Pmax^ a (Fair and Meeke 1983, Kirk 1994,
Masini et al. 1995). Photosynthetic data were fit to the hyperbolic tangent
model using a non-linear least squares method. Data are expressed as umol
0 2 g dw"1 h"1. The light compensation point (LCP) was calculated by R •*• a).
To determine the percent of surface photosynthetic active radiation
(PAR) required to reach the LCP, PAR in the water column was measured in
10 cm depth increments using a submersible, scalar irradiance sensor (LiCor
Biosciences LI-193, Lincoln, Nebraska). These data were collected on each
sampling date and used to calculate the vertical light extinction coefficient (k)
by the following equation: k = (In l 0 - In lz)/z; where lo = surface PAR, lz = PAR
at each depth, and z = depth. Light data were obtained from a nearby field
station (California Irrigation Management Information System,
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http://wwwcimis.water.ca.gov/cimis/welcome.jsp) and used to calculate
degree-day (D°) using the University of California Integrated Pest
Management online degree-day calculator
(http://www.ipm.ucdavis.edu/WEATHER/ddretrieve.html).
Results
The E. densa population in Disappointment Slough maintained its
canopy growth form throughout the 18 month study with no signs of winter or
summer senescence. Irradiance was significantly correlated with season (r =
0.80; p < 0.0001) and ranged from 66 umol m"2s"1 in December 2005 to 2575
umol m"2s"1 in June 2005. Light extinction coefficients ranged from 0.8 m"1 in
July 2004 to 3.1 m"1 in January 2005 (median = 1.4 m"1). Alkalinity of
Disappointment Slough water used for incubations averaged 1.13 meq L"1, pH
ranged from 6.9 to 8.1 (Figure 20), and DIC ranged from 0.90 to 1.67 mM
(mean 1.20 mM) (Figure 21). Water temperature ranged from 8.3°C in January
2005 to 25°C in June and July 2005. Post-incubation pH increased
hyperbolically with increasing light (data not shown) and ranged from 7.8 to
10.3 (Figure 20).
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Figure 20. Pre-incubation pH (white squares) and post-incubation pH values (black
squares) from BOD bottles at the highest light level used to model the P-l curves.
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Figure 21. Dissolved inorganic carbon (mM DIC) of water collected from
Disappointment Slough and used for P-l curve incubations. Values represent the
mean±SE. From December 2003 to November 2004 values are based on calculations
from alkalinity and pH (Stumm and Morgan 1996) and values from March to June
2005 are from analysis on a Shimadzu TOC analyzer.
Respiration rates were difficult to assess because post-incubation DO
concentrations were up to 59 umol O2 g dw"1 h"1 higher for half the sampling
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occasions. Thus, respiration rates and LCPs are not reported for all occasions
(Table 5). The highest respiration rate was measured in April 2004 at 72.5
|jmol O2 g dw"1 h"1 and the lowest was measured in October 2004 at 0.8 umol
0 2 g dw"1 h"1. LCP ranged from 3 umol m"2 s"1 during the winter months to 128
umol m"2 s"1 in April 2004, or from 1% to 7% of surface irradiance.
Table 5. Respiration rates and light compensation (LCP) for E. densa on various
sampling occasions in the Sacramento-San Joaquin Delta, California.
Date

Respiration
(umol 0 2 g dw"1 h"1)

LCP
(umol m"2 s"1)

12/18/2003

4.1

14

1/19/2004

1.6

3

2/17/2004

4.1

3

4/20/2004

72.5

128

10/27/2004

0.8

3

11/17/2004

4.2

5

12/14/2004

6.2

4

2/23/2005

6.3

13

5/24/2005

5.7

15

Photosynthesis-irradiance curves for E. densa stem tips measured in
the Delta for 16 of the 18 sampling occasions are shown in Figure 22. Pmax
ranged from 60 umol 0 2 g dw"1h"1 in December 2003 to 215 umol O2 g dw"1h"1
in July 2004. For some months (January and December 2004 and January
2005) the maximum photosynthetic rate was likely not achieved within the
incubation period under the low ambient light conditions. Between August
2004 and June 2005, monthly Pmax values changed very little and averaged
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117 |jmol 0 2 g dw"1h"1. Photosynthetic efficiency (a) ranged from 0.12 |jmol O2
g d w ' V / umol m"2s~1 in May 2004 to 1.49 umol 0 2 g dw"1h"1 / umol m"2s"1 in
December 2004. The onset of light saturation (Ik) ranged from 25 umol m"2s"1
in January 2004 to 403 umol m"2s"1 in April 2005.
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Figure 22. Monthly photosynthetic response (umol 0 2 g dw"1 rf1) of E. densa as a
function of irradiance (umol m"2s"1) under field conditions in the Sacramento-San
Joaquin Delta, California. Grey circles indicate field collected data and the solid line
indicates the best fit using the hyperbolic tangent model. Note x- and y-scales change
between months. Water temperature is given after the date.
No single environmental factor was significantly correlated with all the
photosynthetic response variables of E. densa in Disappointment Slough
(Table 6). Pmax was positively correlated with water temperature (r = 0.44,
p = 0.07) and degree-day (D°) (r = 0.50, p = 0.03). Photosynthetic efficiency
(a) decreased under high irradiance (r = -0.55, p = 0.02) but no other
environmental parameter. Conversely, the onset of light saturation (Ik)
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increased under high irradiance (r = 0.50, p = 0.06). For dates when dark
respiration was measured, the LCP as a percent of surface irradiance was
negatively correlated with D° (r = -0.69, p = 0.06). That is, as day length
increased less light was required to reach the LCP.
Table 6. Summary of correlations between photosynthetic responses (Pmax, a, Ik, and
the percent surface photosynthetically active radiation (PAR) to light compensation
point (LCP)) and environmental parameters (water temperature, surface irradiance,
and degree day (D0)). n.s. = no significant differences at p<0.10.
Variable

Correlate

Pmax (umol 0 2 g dw"1 h"1)

temperature
light
D°
temperature
light
D°
temperature
light
D°
temperature
light
D°

a (umol 0 2 g dw"1h"1 / umol m2s"1)

Ik (umol m2s"1)

% surface PAR to LCP

Correlation
coefficient
(r)
0.44
0.11
0.50
-0.23
-0.55
-0.18
0.30
0.50
0.20
-0.54
-0.55
-0.69

p-value
0.07
n.s.
0.03
n.s.
0.02
n.s.
n.s.
0.06
n.s.
n.s.
n.s.
0.06

Discussion
Seasonal changes in the photosynthetic responses (Pmax, a, and Ik) of
E. densa stem tips were measured under field conditions. Pmax values were
higher during the summer; however, the correlation with water temperature
was weak. Pmax values were within the previously reported range under field
conditions for Stuckenia pectinatus L. Borner (synonymous with Potamogeton
pectinatus) (van der Bijl et al. 1989), E. canadensis, Ranunculus aquatalis (L.)
Wimmer (Madsen and Brix 1997), E. densa (Pezzato and Camargo 2004),
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M. spicatum, and Vallisneria americana Michx. (Harley and Findlay 1994), but
lower than values reported for Ceratophyllum demersum L (Fair and Meeke
1983). In a detailed study by Barko and Smart (1981) conducted under
greenhouse conditions, maximum photosynthetic rate of E. densa (determined
by CO2 uptake) occurred at 24°C and maintained a higher net photosynthetic
rate than H. verticillata at low temperatures (16°C to 24°C) but E. densa rates
declined substantially at 28°C. Pezzato and Camargo (2004) measured the
photosynthetic response (as 0 2 release) of E. densa in two Brazilian rivers
over four months and found highest rates of photosynthesis correlated with
highest photosynthetic active radiation (PAR) in May (at 19.2°C and 21.8°C).
Santamaria and van Vierssen (1997) compared the photosynthetic responses
of 10 freshwater macrophytes using published Pmax - temperature
relationships. They found a strong positive relationship between Pmaxand
temperature, up to a certain temperature optima, and determined 14°C to
25°C is the optimal temperature range for E densa. In Disappointment Slough
water temperature was between 15°C and 25°C for 11 of the 18 months
suggesting that for most of the year, E. densa was growing within its optimal
temperature range.
Under field conditions, temperature and light are interrelated and
change seasonally, confounding their effects on Pmax. In January or December
2004 and January 2005, Pmax was not reached which was likely due to the
combined effects of low temperatures and cloudy conditions. During those
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times, water temperatures ranged from 8.3°C to 11.2°C and light ranged from
only 66 to 245 umol m"2 s"1. Carbon assimilation (determined by C14 uptake)
was highest in April through July in apical tissues of E. densa collected from
Lake Marion, South Carolina when temperatures ranged from 21 °C to 29°C
(Getsinger 1982). In this study, D° influenced the maximum photosynthetic
response of macrophytes more than temperature (r = 0.05; p = 0.03), perhaps
because D° accounts for seasonal changes in both temperature and day
length. Fair and Meeke (1983) reported a highly significant relationship
between gross photosynthetic rate and light history (measured as solar
irradiance the month prior to their field experiments).
Photosynthetic efficiency (a) is not typically affected by temperature
(Fair and Meeke 1983 van der Bijl et al. 1989, Madsen and Brix 1997, Mendez
and Sanchez 1998). It was negatively correlated with high surface irradiance,
meaning at low surface irradiance E. densa responded more efficiently to
changes in light and reached Ik at lower levels than on days when a was
lower. Harley and Findlay (1994) measured significantly higher a values in
V. americana compared to M. spicatum and Potamogeton perfoliatus L.
Because Ik is defined by a /Pmax, it follows that Ik was also lowest in
V. americana.
Light compensation points were substantially lower in this study than
reported for other submersed macrophytes. As little as 3 umol m"2 s"1 of light
was required for some months. Van der Bijl et al. (1989) measured LCP of 10
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umol m"2 s"1 in S. pectinatus tips and suggest that changes in LCP are driven
more by a than by respiration. That is, more efficient plants require less light to
balance the respiratory oxygen demands with photosynthetic oxygen
production. Van et al. (1976) measured LCP of 15 umol m"2 s"1 in H. verticillata
and suggest this would provide a distinct advantage to the species, particularly
in the morning when C0 2 is highest. Tavechio and Thomaz (2003) measured
the LCP for E. najas under laboratory conditions and measured 22 pmol
m"2 s"1 using the 02-evolution method and 13 umol m"2 s"1 using the CO2uptake method.
Submersed plants are typically considered shade tolerant because they
are capable of reaching maximum photosynthetic rates at a fraction of surface
irradiance and have substantially reduced light saturation and compensation
points compared to terrestrial sun plants (Spencer and Bowes 1990). For
E. densa collected in Disappointment Slough, Ik ranged from 25 to 403
umol m"2 s"1 and changed seasonally, representing between 7 to 47% of
surface irradiance. Assuming a maximum depth of colonization to be
21.4 ± 2.4% of surface irradiance (Chambers and Kalff 1985) then E. densa
growing at 2.5 m is capable of photosynthetic saturation, depending on tidal
fluctuation. Species with much higher light requirements would then be at a
competitive disadvantage because E. densa would be capable of greater
carbon fixation rates with less light. Harley and Findlay (1994) made similar
observations in the Hudson River where V. americana had significantly lower
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Ik than M. spicatum or P. perfoliatus. They calculated that V. americana was
capable of photosynthesizing at 173% of the rates of M. spicatum and
P. perfoliatus. Bini and Thomaz (2005) used logistic regression to predict the
presence of Egeria najas Planch, and E. densa based on environmental
parameters in Itaipu Reservoir, Brazil-Paraguay. They found that light
attenuation coefficient (k) was the strongest predictor of E. densa presence,
the probability of which declines precipitously at k > 1 m"1. Tanner et al. (1993)
similarly suggested that colonization of E. densa at k > 2 m"1 is unlikely.
Disappointment Slough is turbid (average light extinction coefficient =1.4 m"1)
thus low Ik values would be competitively advantageous.
Comparing results between primary production studies is complicated
by variation in technique (C 14 - uptake versus O2- evolution) and the
standardizing terms (dry, fresh, or ash-free dry weight per m"2 or m"3). Each
technique has been criticized for not accounting for lacunar storage of O2 or
recycled 0 2 within the plant via photosynthetic and respiratory mechanisms.
Compensating for the former is generally accomplished by increasing the
incubation period and providing circulation (summarized in Kemp et al. 1986).
In this study, increased DO in the post-incubation dark bottles resulted in the
loss of respiration and LCP data for half the sampling occasions. Most of these
increases were observed during the summer; however, an increase in dark
bottle-DO also occurred in January 2005 (8.3°C). Two possible explanations
are offered. First, that O2 leaked from excised stems or tears in the epidermis
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of £ densa shoots (Sculthorpe 1967). Sorrell and Dromgoole (1996)
evaluated the infiltration rates of E. densa under varying internal and external
pressures. They found that intemodal canals were more susceptible to
infiltration than double nodes, particularly at pressures found near the water
surface. Additionally, they found that in the dark, low internal pressure aided
infiltration. In this study, the upper 15 cm of E. densa tips were used. Densely
spaced nodal diaphragms near the tips likely reduced infiltration rates such
that 02-leakage would probably not contribute substantially to the overall DO.
Second, bubbles could have been introduced to the BOD bottles due to
supersaturation, or by attaching to the plant during insertion. Increased light
and supersaturation of DO is positively correlated with plant bubbling
(Sculthorpe 1967). In Disappointment Slough, oxygen saturation reached up to
200% during the summer.
If bubbles were similarly attached to plants in light bottles, the effects
would be masked by the photosynthetic release of oxygen and the
consequences would be two-fold. First, introduced bubbles would increase
post-incubation DO such that the photosynthetic rate might appear higher.
Second, bubbles could supersaturate the media such that actual
photosynthetic rates would decline. If the latter is true, this would provide
further evidence that E. densa exhibits C4- type photosynthesis (Caseti et al.
2000). If arguments brought forth by Zieman and Wetzel (1980) are accepted,
that internal O2 recycling underestimates production measurements, then this
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may explain the poor correlation between Pmax and temperature, again
suggesting E. densa is capable of C4-type photosynthesis. Low LCPs would
further support this conclusion.
Modeling the P-l response of E. densa without the dark bottle
incubation data did not result in substantial changes in Pmax or a. This
suggests that either bubbles were not introduced to the light bottles or, if they
were, they either did not solubilize into solution or the photosynthetic rate was
high enough to ameliorate their effects.
Introducing bubbles into dark bottles may have been avoided if
supersaturation conditions were eliminated and excised stems were covered
to prevent infiltration. Madsen et al. (1996) evaluated the acclimation of three
species to varying C0 2 and HC03" concentrations and bubbled incubation
media with N2 gas to reduce initial 0 2 concentration. While this would be an
effective means of reducing DO, in practice it may be challenging under field
conditions.
Submersed plants growing in waterbodies of moderate alkalinity are
often carbon-limited, which in turn influences species composition of
freshwater systems (Maberly and Spence 1983). Using pH drift experiments,
several researchers have sought to identify inorganic carbon saturation points
to better understand carbon competition between species within ecosystems
(Allen and Spence 1981, Maberly and Spence 1983). Weber et al. (1979)
measured the photosynthetic response of E. densa in a 1.25 mM solution and
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found decreasing photosynthetic rate with increased pH. White et al. (1996)
found that H. verticillata grown under high light (1800 umol m"2 s"1) showed
reduced photoinhibition at 2.0 mM compared to 0.6 mM and that the plant
acclimated by doubling its photosynthetic rate and half-saturation constant.
Browse et al. (1979) measured the photosynthetic response of E. densa to
increasing TIC concentrations (at pH 6.8) and found that photosynthetic
saturation occurred at 1 mM TIC. In that same study, when the photosynthetic
response of E. densa to increasing pH (at 1 mM TIC) was evaluated,
photosynthesis was substantially reduced between pH 8 and 10.2. Despite the
obvious advantage of using HCO3" when CO2 is limiting, plants have a
reduced affinity for HC03" compared to CO2 (Madsen et al. 1998).
Photosynthetic rates decline when HC03" is the carbon source (Browse et al.
1979) possibly explaining the poor correlation between temperature and Pmax
in this study.
This study supports previous research that E. densa is capable of using
HCO3" for carbon fixation when CO2 becomes limiting (Prins et al. 1982, Pierini
and Thomaz 2004). Initial DIC in the incubation bottles averaged 1.2 mM and
was as low as 0.4 mM after incubation (data not shown). In post-incubation
bottles, pH was up to 10.3, meaning CO2 was no longer available for carbon
fixation yet photosynthesis did not cease at higher light levels. Kahara and
Vermaat (2003) similarly found that E. densa is capable of increasing pH
above 10.
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Submersed macrophytes exhibit wide variations in phenotypic plasticity
and their ability to seasonally acclimate to changes in light and temperature.
E. densa growth in Disappointment Slough does not appear to be limited by
extreme high or low temperatures as observed in other waterbodies
(Getsinger 1982) or under controlled conditions (Barko and Smart 1981).
Instead, E. densa is growing under optimal water temperatures, which likely
explains its prevalence in similarly temperate waterbodies in the western USA.
In tropical and temperate environments, light is generally considered more
important than temperature for macrophyte growth. In this study, E. densa
maintained positive net photosynthesis under turbid conditions, supporting
previous work that £. densa is able to colonize low light environments. The
ability of E. densa to use HCOV or shift to C4-type photosynthesis under DIClimiting conditions also provides a distinct advantage in systems with carbon
limitation, common to moderate alkalinity systems (Maberly and Spence
1983).
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SUMMARY
Many invasive aquatic plants rely on vegetative propagules for
reproduction and dispersal. In many plants, the production of flowers often
precludes the formation of vegetative structures, thus vegetative spread may
be suppressed. Egeria densa spreads exclusively by vegetative fragments.
Branches, roots and flowers grow from regions referred to as bud nodes or
double nodes. I hypothesized that flower production would preclude the
growth of branches and roots from double nodes, thereby reducing the
percentage of double nodes capable of producing ramets. I found that
flowering stems of E. densa produced an additional bud/root node within one
to three nodes of a flowering node. Thus, flower production did not preclude
potential ramet formation and the percentage of double nodes per node
increased in flowering versus non-flowering stems. I did not, however evaluate
whether stem growth rate was reduced during flowering. If so, this could
reduce the efficacy of systemic herbicides that function best during rapid
growth. Detailed information on double node frequency, with emphasis on
flowering, had not been fully evaluated and the consistency with which double
nodes grew on flowering stems was surprising. Given that double nodes are
critical to the survival of this species, further investigations on their
development at the cellular level are encouraged.
Vegetative propagule type influences the dispersal capabilities of clonal
macrophytes. The frequency of double nodes on E. densa fragments
116

determines ramet potential. I hypothesized that stem length (i.e. double node
frequency) is related to the establishment success of E. densa fragments.
Floated E. densa stem fragments with more double nodes per cm were highly
successful at establishing contact with the sediment. This was accomplished
by rapid growth of adventitious roots from multiple double nodes to the
sediment while the stem remained buoyant. High survivorship of floated stem
fragments allows for long distance travel of E. densa, which would facilitate its
widespread distribution. In this experiment, fragments were evaluated within
the optimal growth temperature range for E. densa (14°C to 25°C). Future
work should examine the upper and lower temperature thresholds for fragment
establishment. Moreover, clonal growth suggests a plant is capable of
surviving in similar habitats, thus the importance of removing plant fragments
after mechanical control or before moving watercraft between waterbodies is
critical. This is particularly important for tips where double nodes are tightly
spaced and capable of continuous double node (i.e. ramet) production.
The summer growth rate of plants in California was nearly three times
higher than plants in Oregon. Bud growth in the former was highly variable, not
only between months, but between replicate plants. Plants from both sites
were evergreen throughout the year, likely providing a competitive advantage
over seed producing plants. Future evaluations should compare the
competitive ability of evergreen E. densa over other clonal plants that sprout
from other perennating structures such as tubers, turions, rhizomes or stolons.
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These data may be used to make predictions about the effects of restoration
or control activities.
Plants allocate resources to optimize their biomass production.
Applying control techniques when reserves are lowest is used to improve
management of terrestrial weed species. This strategy has recently received
attention as a method to improve the control of invasive aquatic species as
well. I hypothesized that seasonal low points in TNC and N concentrations of
E. densa could be identified. N concentration in E. densa was measured over
multiple seasons from California and Oregon. N concentration was not
significantly different between populations; however, on a seasonal basis, N in
stem tips declined earlier in the spring in the California population, suggesting
growth dilution associated with rapid growth rates. Root crowns and lower
stems were important storage areas for TNC. There were seasonal changes in
TNC and N concentrations of E. densa collected from each site; however,
distinct low points were not consistent from year to year or among plant parts.
The evergreen growth of E. densa in this study may explain why distinct
seasonal changes in TNC and N were not consistently observed. I did not find
compelling evidence that seasonal low points in TNC and N can readily be
used to improve control efforts of E. densa. Future research should evaluate
whether low points in plant reserves can optimize control of macrophytes that
spread exclusively by fragments and lack dedicated TNC storage organs,
particularly those growing in thermally buffered systems.
118

In addition to suboptimal temperature, the availability of light, inorganic
carbon (CO2 and HCO3"), and nutrients limit submersed macrophyte growth.
Photosynthesis-irradiance curves are commonly used to describe the
photosynthetic capacity of aquatic plants under varying conditions. I measured
the photosynthetic response of E. densa under field conditions which
represents seasonal changes in temperature as well as light. Pmax was poorly,
but positively correlated with water temperature and degree-day (D°).
Photosynthetic efficiency (a) decreased with increased irradiance while the
onset of light saturation (Ik) increased under higher light. Light compensation
points were as low as 3 umol m"2 s"1 and Ik represented between 7 to 47% of
surface irradiance. Physiologically, submersed leaves are shade leaves
because photosynthesis is saturated at a fraction of full sun. This response is
highly advantageous in waterbodies where light attenuation is high and
supports previous reports that E. densa is tolerant of turbid, low light
conditions. Lake management activities that result in increased turbidity would
then result in changes in submersed plant composition.
Dense growth of submersed plants, unlike terrestrial plants, must
tolerate wide fluctuations in dissolved inorganic carbon (DIC) and pH. Plants
with high biochemical plasticity that is, low light compensation points (LCP),
inducible C4-type photosynthesis and the ability to use HCO3", will have a
competitive advantage over less tolerant species. Following the
photosynthesis experiments, I measured low DIC concentration and high pH in
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post-incubation bottles. This support previous evidence that E. densa is
capable of using HCO3" for carbon fixation when CO2 becomes limiting.
This paper documents the first detailed multi-season evaluation of the
morphology, growth rates, allocation, and photosynthetic responses of
E. densa in western waterways. This information may be used to model the
response of E. densa to changes in the environment or predict its ability to
survive introduction to an uninfested waterbody. Managers may also use this
information to improve control and restoration efforts.
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APPENDIX A: METHOD FOR THE ANALYSIS OF TOTAL
NONSTRUCTURAL CARBOHYDRATES IN SUBMERSED AQUATIC
PLANTS
Background
Total nonstructural carbohydrates (TNC) are sugars and starches
produced from photosynthesis and are the principal storage reserves in plants
readily mobilized for metabolism or translocated through the plant (Smith
1969, Pearcy et al. 1996). TNC reserves are used to support growth, the
formation reproductive structures, and sprouting after disturbance to aboveground tissue (Richburg 2005). Measurement of TNC is common in studies of
plant growth and allocation. Terrestrial plant scientists have long measured the
TNC content of plant tissues to evaluate their availability for plant growth,
animal foraging, and crop production (Hendrix 1993, Holm et al. 1986, Rose et
al. 1991).
The analysis of TNC in plant tissue involves drying and grinding the
plant material, extracting the soluble sugars, followed by the hydrolysis of the
remaining starches to monomers (glucose). Freeze-drying is generally
considered to be the superior method; however, the equipment is not always
readily available (Pearcy et al. 1996, Vermaat and Verhagen 1995) and plants
are instead dried between 55°C and 105°C for several hours (Raguse and
Smith 1965, Smith 1969, MacRae etal. 1974, Holm etal. 1986, Madsen and
Owens 1998, Passos et al. 1999). Raguse and Smith (1965) evaluated various
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drying techniques, including freeze-drying and heat-drying in a forced-draft
oven. They reported highest percent TNC from freeze-dried samples, followed
by drying at 100°C then shifting to 70°C. Lowest TNC content was recovered
from plants dried at 27°C. Plants are typically ground to pass a 40-mesh
screen or powered with a mortar and pestle. The soluble sugars are typically
extracted with boiling water, hot ethanol (MacRae et al. 1974, Passos et al.
1999) or a methanol:chloroform-water solution (Dickson 1979) while the
starches are hydrolyzed to glucose using perchloric acid (MacRae et al. 1974),
enzyme solutions (Smith 1969, Hendrix 1993, Rose et al. 1991, Chow and
Landhausser 2004), or sulfuric acid (Smith et al. 1964). Following hydrolysis,
the resulting sugars may be analyzed colorimetrically using phenol-sulfuric
acid (Dubois et al. 1956), Tele's reagent (Da Silveira et al. 1978) or a
peroxidase-glucose oxidase/o-dianisadine solution.
Without the availability of high-performance liquid chromatography
(HPLC), measuring the TNC content of plant tissue is very time consuming (up
to 4 days), typically involving copious amounts of glassware, and may require
hazardous materials (Hendrix 1993) such as picric acid (Da Silveira et al.
1978). Thus, "rapid" methods to determine TNC have been developed to
expedite the process and reduce the hazards (Hendrix 1993, Holm et al.
1986). This has resulted in an array of methods, the selection of which can be
very confusing, particularly if some knowledge of the plant's polysaccharides is
not known (Smith 1969, Rose et al. 1991). Chow and Landhausser (2004)
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summarized the merits and drawbacks of various methods. For example, they
point out that while sulfuric acid may provide the most rapid and simple
hydrolysis of starch to glucose, concentrations of sulfuric acid higher than 0.2
N could break down structural carbohydrates.
Storage of carbohydrates occurs in various plant organs, including
tubers, turions, rhizomes, stolons, roots and stems. These storage organs are
important for overwinter survivorship as they supply fixed carbon for spring
growth and metabolism (Madsen 1991). Titus and Adams (1979) first
examined TNC allocation in two submersed macrophytes (Myriophyllum
spicatum and Vallisneria americana). Since that publication, a number of
studies examining TNC allocation of freshwater macrophytes have been
published (Table A), however specific information on the methods used is
oftentimes limited or required equipment is not readily available to smaller
laboratories.
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Table A. Methods cited for the determination of total nonstructural carbohydrate
(TNC) in aquatic plants.
Method

Cited by

Plant species

Smith 1969

Titus and Adams 1979

Myriophyllum
spicatum
Vallisneria americana

Tucker and DeBusk 1981

E. crassipes

Getsinger1982

E. densa
Elodea nuttallii
Polygonum
amphibium
Phragmites australis
Ceratophyllum
demersum

Smith etal. 1964
Smith 1969
McCready et al. 1950
Hewitt 1958
Hewitt 1958
Bergmeyer 1970
Smith 1969
Somogyi 1952
Modified Swank 1982
Nelson 1944
Ethanol and boiling water
Dubois etal. 1956
Ozaki 1958
Modified Swank 1982
Nelson 1944
Latoetal. 1968
Smith 1969
3,5 dinitrosalicyclic acid
method
Modified Swank 1982
Nelson 1944
Modified Swank 1982
Madsen 1997

Best and Dassen 1987
Best and Visser 1987
Farmer and Spence
1987
Madsen 1997
Perkins and Sytsma
1987
Haramoto and Ikusima
1988
Luu and Getsinger 1990
Newman etal. 1996
Madsen and Owens
1998
Woolf and Madsen 2003

Lobelia

dortmanna

Myriophyllum
spicatum
Myriophyllum
spicatum
Egeria densa
Eichhomia

crassipes

Myriophyllum
spicatum
Hydrilla

verticillata

Potamogeton

crispus

In an ongoing study to examine seasonal changes in the submersed
macrophyte Egeria densa, I sought to evaluate the TNC allocation patterns of
different plant parts. In the process of finding a suitable method for TNC
analysis, several of the previously described challenges were encountered.
After analyzing numerous samples with the method of Smith (1969) (using
amyloglucosidase to hydrolyze starches), I found that the titrametric endpoint
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suffered from interferences and that the endpoints were too subjective and
varied between researchers. Thus, I sought a method with fewer interferences
and that used a spectrophotometer. To this end, the methods of Dubois et al.
1956, Rose et al. (1991), Hendrix (1993), Chow and Landausser (2004), and
Madsen (personal communication) were synthesized in an effort to detail a
method of analyzing bulkTNC on aquatic plant tissues. This method uses
glucose as the sugar standard and does not differentiate between sugar
species, a task requiring HPLC or gas chromatography. The enzymes
amyloglucosidase (Aspergillis niger) and a-amylase (Bacillus licheniformes)
are used to hydrolyze the starches to glucose.
Materials and Methods
This method describes the analysis of TNC content in plant tissue as
the sum of free sugars (glucose) and starch from 25 plant samples over two to
three days. Major equipment required include: a centrifuge, vortex,
spectrophotometer, forced-heat drying oven or freeze-drying apparatus,
automatic pipettes from 50 pi to 5 ml.
Sample preparation
Plant material should be rinsed of debris such as algae, sediment or
salt. Sort plant parts and dry at 70°C to constant weight using a forced-heat
drying oven (but see Raguse and Smith 1965). Grind plants to pass a 40mesh using an electric mill or a mortar and pestle. Plants were stored in paper
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envelopes at room temperature. Nelson and Smith (1972) evaluated the
effects of storage time (0 to 6 months) on the TNC concentration of freezedried and oven dried (100°C completed at 70°C) alfalfa roots at three
temperatures (25°C, -2°C, -16°C). Overtime, starches declined in all samples
and more variability was attributed to drying method and storage time than
storage method.
Standards preparation
Sugar
Make a 1 mg ml"1 glucose stock standard in 80% EtOH (Reagent 1) and
pipette appropriate ml of stock (see Column A in Table B) into 50 ml
volumetric flasks and bring to volume with 80% EtOH.
Table B. Sugar standards for use with the phenol-sulfuric acid method for the
determination of glucose.
A
ml glucose stock (1 mg ml"')
to 50 ml EtOH
0
0.1
0.2
0.3
0.4
0.5
1.0
1.5
2.0
2.5

B
Final concentration
(mg ml"1)
0
0.002
0.004
0.006
0.008
0.010
0.020
0.030
0.040
0.050

C
in
|jg sugar 2.0 ml aliquot
of standard from Column B
0
4
8
12
16
20
40
60
80
100
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Glucose hydrosylate
Make a 1 mg ml"1 glucose stock standard in 0.05M NaOAc (Reagent 7)
and pipette appropriate ml of stock (see Column A in Table C) into 50 ml
volumetric flasks and bring to volume with NaOAc.
Table C. Sugar standards for use with the Peroxidase-glucose oxidase/o-dianisidine
(PGO) method for the determination of glucose from enzymatically digested starches.
A

B

C

ml glucose stock (1 mg ml"')
to 50 ml EtOH
0
0.1
0.2
0.3
0.4
0.5
1.0
1.5
2.0
2.5

Final concentration
(mg ml"1)
0
0.002
0.004
0.006
0.008
0.010
0.020
0.030
0.040
0.050

ug sugar in 1.0 ml aliquot
of standard from Column B
0
2
4
6
8
10
20
30
40
50

Sugar extraction and analysis
1. Weigh -25 mg dry plant tissue into dry centrifuge vials and record the
weight
2. Add 5 ml of 80% EtOH to each tube and vortex
3. Boil vials (covered with marbles to avoid splatter) at 95°C in a water bath
for 10 minutes
4. Centrifuge at 2500 rpm for 5 minutes
5. Pour supernatant in similarly labeled glass test tubes
6. Repeat steps 2 to 5 three to five times, combining supernatant for sugar
analysis (15 to 25 ml total). The remaining pellet is retained for starch
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analysis. Chow and Landhausser (2003) found the residual EtOH did not
significant interfere with subsequent starch determination.
7. Transfer 1.0 ml of each sample from Step 6 to a similarly labeled test tube
and add 1.0 ml 80% EtOH (can alter sample volume; however, the total
volume of sample + EtOH should match the total volume of the standards)
8. For sugar standards, transfer 2.0 ml of stock from Column B in Table C to
test tubes
9. To each sample and standard tube, add 0.05 ml of 80% phenol (Reagent
3), followed by 5 ml concentrated sulfuric acid (H2S04) rapidly added to the
liquid surface, not side of the tube, to ensure mixing (these chemicals are
very hazardous so wear gloves, eye protection, and perform in the hood)
10. Allow color to develop for 10 minutes in the dark (cover tubes loosely with
foil) then transfer to room temperature water bath for 15 minutes
11 .Zero spectrophotometer with 80% EtOH at 490nm
12. Gently pipette sample or standard into 1-cm path length cuvet and
measure absorbance at 490 nm. Spectrophotometer should be in the hood
to avoid fumes. Make sure cuvet is clear of smudges. Remember to wear
gloves to prevent your skin from sloughing off from the phenol. Disposable
cuvets expedite this analysis.
13. Supernatant may be disposed AFTER sugar analysis complete (pellet is
retained in centrifuge vial for starch digestion).
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Starch digestion
14.To solubilize the starch, add 2 ml of 0.1 N NaOH (Reagent 4) to each
centrifuge tube containing a sample pellet (from step 6) and a blank
centrifuge tube and vortex
15. Cover tubes with marbles and heat for 30 min. in 50°C water bath, vortex
intermittently
16. Remove tubes from water bath and cool to room temperature
17.To neutralize the sample, add 2.5 ml of 0.1 N acetic acid (Reagent 5) to all
tubes (samples and blank)
18. Add 0.5 ml of digestive enzyme mixture (Reagent 6)6) to all tubes and
vortex and incubate for 20 h in 50°C water bath. Note the time.
Glucose hydrosylate analysis
19. Remove samples from water bath and vortex
20. Centrifuge all tubes at 3000 rpm for 10 minutes
21. Transfer appropriate volume of sample and buffer (Table D) to an
appropriately labeled glass Pyrex tubes. Record volume of sample and
buffer used.
Table D. Volume of sample and buffer for starch analysis
ml
sample

ml NaOAc
buffer

mlPGO
solution

mM2N
H2S04

Total
vol. ml

Dilution
factor

0.05
0.10
0.20
0.30

0.95
0.90
0.80
0.70

2.0
2.0
2.0
2.0

1.0
1.0
1.0
1.0

4.0
4.0
4.0
4.0

0.013
0.025
0.050
0.075
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22. Add 2.0 mL of PGO solution (Reagent 8) to each sample and vortex
23. Leave mixture in the dark at room temperature for 45 minutes or in a 37°C
water bath for 30 minutes. Do not allow temperature to exceed 39°C
24. With tubes in a room temperature water bath, add 1.0 ml of 12N H2SO4
(Reagent 9) to stabilize the color
25. Zero spectrophotometer with NaOAc buffer at 525 nm and measure
absorbance of samples after samples have cooled.
Calculations
Sugar
•

Create standard curve and calculate the slope and y-intercept:
x = ug glucose ml"1
y = absorbance at 490 nm

•

Determine glucose in aliquot by solving for x:
x = [abs - (y-intercept)]/slope

•

glucose /mg sample = (g)(d)(v)/dw
where g = glucose in aliquot, d = dilution factor (= ml aliquot standard •*•
ml aliquot sample), v = total volume of supernatant, and dw = mg dry
weight

Starch
•

Create standard curve and calculate the slope and y-intercept:
x = ug glucose ml"1
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y = absorbance at 525 nm
•

Determine glucose in aliquot by solving for x:
x = [abs - (y-intercept)]/slope

•

glucose /mg sample = (g)(d)(v)(h)/dw
where g = glucose in aliquot, d = dilution factor (= ml aliquot standard •*•
ml aliquot sample), v = total volume of aliquot + NaOH + NaOAc +
enzyme mixture, h = starch hydrolysis factor (0.9 Volenec 1986) and dw
= mg dry weight

Total Nonstructural Carbohydrate = starch + sugar
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Table E. Schematic of the analysis of TNC in macrophytes. Methods adapted from
Dubois et al. 1956, Rose et al. (1991), Hendrix (1993), and Chow and Landausser
(2004).
Weigh ~25mg dried and ground
tissue (40 mesh)
4
Extract soluble sugar
Boil dried plant material in 5ml of
80% EtOH for 10 min. followed by
centrifugation at 2500 for 5 min.
Repeat 4-5 washes
4
Record supernatant volume and
retain pellet for analysis for insoluble
sugars

I
Samples: 1.0 ml aliquot + 1.0 ml
80% EtOH add 0.05 ml 80% phenol
+ 5ml concentrated H 2 S0 4
4
Standards: 2 ml of each std. add
0.05 ml 80% phenol + 5ml
concentrated H 2 S0 4

1
Read absorbance at 490nm

Solubilize EtOH-insoluble sugar
Add 2ml 0.1 N NaOH to the pellet and
heat at 50°C for 30 min.

4
Neutralize sample
Add 2.5 ml 0.1 N acetic acid
4
Add 0.5 ml of digestive enzyme mixture
(500 U/ml a-amylase + 20 U/ml
amyloglucosidase in pH 5.1, 0.05M
NaOAc buffer)
4
Incubate at 50°C for 20h
4
Centrifuge tubes at 2500 rpm for 10
min.
4
To 0.3 ml aliquot + 0.7 ml 0.05M
NaOAc buffer add 2.0 ml PGO reagent
4
Incubate at 37°C for 30 min.
4
Add 1.0 ml 12N H 2 S0 4 to stabilize the
color
4
Create glucose standards (in NaOAc
Buffer) ranging from 0 to 0.05 mg/ml
glucose. Use 1 ml of each std. for curve
4
Read absorbance at 525 nm

Recommendations
This method was used to analyze the TNC concentration of nearly 600
samples of Egeria densa. Based on this work and from other published
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methods, the following recommendations are offered: 1) during EtOH
extraction, avoid boiling water too rapidly or spattering will cause sample to be
lost, 2) test how many EtOH washes are necessary as some methods call for
washing until clear; however, this is more difficult for root material, 3) during
sugar analysis using the phenolsulfuric acid method, make sure the sample,
phenol and sulfuric acid are well-mixed by adding the sulfuric acid directly to
the sample surface, 4) during starch analysis, test the amount of sample
aliquot before proceeding with all samples, and 5) ensure the pH of the
NaOAc buffer is correct otherwise the activity of the enzymes will be reduced
or eliminated.
For future research, it is recommended that the drying time and
temperature for different aquatic plant species and plant parts be evaluated.
The need for an enzyme mixture versus the hydrolyzing ability of a single
enzyme should be determined as well as the minimum concentration and
quantity of enzyme mixture required for complete hydrolysis of different plant
parts.
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Reagents
1) 80% EtOH: Add 80 ml dH 2 0 to 500ml volumetric flask and fill to line with
95% Ethanol
2) 1 mg ml"1 glucose standard stock = 100 mg glucose + 100 mg benzoic
acid (Sigma B7521). Bring to 100 ml with:
a. 80% EtOH for sugar standard curve (Reagent 1), or
b. 0.05 M NaOAc Buffer (Reagent 7) for starch standard curve
3) 80% Phenol: Add 20 g dH 2 0 to 80 g Phenol (Sigma P5566)
4) 0.1 N Sodium hydroxide (NaOH): 4 g/L dH20 or 2 g/500 ml_ dH20
5) 0.1 N Acetic Acid: Add 5.75 ml_ glacial acetic acid (HAc) to -900 ml_ dH20
in a 1L volumetric flask. Mix well and bring to 1L.
6) Digestive enzyme mixture (500 U ml"1 a-amylase + 20 U ml"1
amyloglucosidase):
a.

Make a-amylase (Megazyme® E-BLAAM, from Bacillus
licheniformes):
(Desired vol.. 25 ml) * (Desired cone. 500 U/ml)
(3000 U ml"1 stock)
= 4.16 ml a-amylase stock to 25 ml volumetric flask and bring to volume
with NaOAc buffer (Reagent 7)

b.

Make amyloglucosidase stock (Sigma A-3042 from Aspergillis niger):
(Desired volume, 25 ml)*(Desired stock cone, 20 U/ml)
(5000 U ml"1 stock)

149

= 100 (jl amyloglucosidase to Reagent 6a
7) 0.05 M Sodium acetate buffer (NaOAc), pH 5.1: Add 2.84 ml_ of glacial
acetic acid (HAc) to about 900 mL dH20. Adjust to pH 5.1 with 0.1N NaOH
(Reagent 4). Dissolved 1.0 g benzoic acid to preserve.
8) Peroxidase-glucose oxidase/o-dianisidine reagent (PGO): (perform in
hood with gloves, coat and eye protection, o-dianisidine is a known
carcinogen)
a. o-dianisidine solution: 50 mg of o-dianisidine dihydrochloride (Sigma D3252) to 20 ml dH20.
b. PGO enzyme solution: one capsule of PGO enzymes (Sigma P-7119)
to100mldH20
c. Add 1.6ml of o-dianisidine solution (step 8a) to the PGO enzyme
solution (step 8b)
9) 12N Sulfuric acid: In a fume hood (wear protective gloves, face shield, lab
coat, and rubber apron), place an amber stock bottle in an ice bath filled
with 333 ml dH20. Slowly add 667 ml sulfuric acid (H2S04).
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